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Description
BACKGROUND

[0001] Wireless power transfer systems operate over a wide range of coupling factors k, load conditions, and envi-
ronmental conditions. Variations in these parameters affect the efficiencies of wireless power transfer systems. Wireless
power transfer systems can include impedance matching networks to improve power transfer capability and efficiency.
Obtaining good performance in a wireless power transfer system over such a wide range of conditions is challenging
for traditional impedance matching networks.

[0002] WO 2013/059441 describes configurations for a wireless power transfer involving photovoltaic panels. De-
scribed are methods and designs that use electric energy from a photovoltaic module to energize at least one wireless
energy source to produce an oscillating magnetic field for wireless energy transfer. The source may be configured and
tuned to present an impedance to a photovoltaic module wherein said impedance enables substantial extraction of
energy from said photovoltaic module.

SUMMARY

[0003] In general, the disclosure features wireless power transmission control systems that synchronously tune a
wireless power transmitter and receiver to adapt to changing system, parameters, environmental parameters, or both.
The wireless power transmission control systems described herein can be used in a variety of contexts, including
implantable devices, cell phone and other mobile computing device chargers, and chargers for electric vehicles.
[0004] Inafirstaspect, the disclosure features a wireless energy transmitter that has a transmitter-impedance matching
network (IMN). The transmitter is configured to perform operations including performing a first comparison between a
characteristic of a power of the transmitter and a target power. Adjusting, based on the first comparison, a reactance of
the transmitter-IMN to adjust the power of the transmitter. Transmitting power data that indicates the power of the
transmitter to a wireless energy receiver.

[0005] In a second aspect, the disclosure features a wireless energy receiver that has a receiver- IMN. The receiver
is configured to perform operations including determining an efficiency of a wireless energy transfer system at a second
time based on power data from a wireless energy transmitter. Performing a second comparison between the efficiency
at the second time and an efficiency of the wireless energy transfer system at a first time, the first time being prior to the
second time. Adjusting, based on the second comparison, a reactance of the receiver-IMN.

[0006] In athird aspect, the disclosure features a wireless energy transfer system that includes an energy transmitter,
and an energy receiver. The transmitter has a transmitter-IMN. The transmitter is configured to perform operations
including performing a first comparison between a characteristic of a power of the transmitter and a target power.
Adjusting, based on the first comparison, a reactance of the transmitter-IMN to adjust the power of the transmitter. The
receiver has a receiver-IMN. The receiver is configured to perform operations including determining an efficiency of the
wireless energy transfer system at a second time based on power data from the transmitter. Performing a second
comparison between the efficiency at the second time and an efficiency of the wireless energy transfer system at a first
time, the first time being prior to the second time. Adjusting, based on the second comparison, a reactance of the receiver-
IMN.

[0007] The first aspectand the second aspect can operate together in a system such as the system of the third aspect.
Furthermore, these and the fourth through sevenths aspects can each optionally include one or more of the following
features.

[0008] In some implementations, adjusting the reactance of the receiver-IMN includes adjusting the reactance of the
receiver-IMN by a variable reactance adjustment value.

[0009] In some implementations, the first comparison and adjustment to the reactance of the transmitter-IMN occur
iteratively until the characteristic of the power is within a threshold value of the target power.

[0010] In some implementations, adjusting the reactance of the receiver-IMN includes, in response to the efficiency
at the second time being less than the efficiency at the first time, negating a reactance adjustment value. Adjusting the
reactance of the receiver-IMN includes adjusting the reactance of the receiver-IMN by the negated reactance adjustment
value.

[0011] In some implementations, adjusting the reactance of the transmitter-IMN includes, in response to the power
being less than the target power, adjusting the reactance of the transmitter-IMN by a first reactance adjustment value.
In response to the power being greater than the target power, adjusting the reactance of the transmitter-IMN by a second,
different reactance adjustment value.

[0012] In some implementations, the first reactance adjustment value is equal in magnitude and opposite in sign to
the second reactance adjustment value

[0013] In some implementations, the first comparison is between a power factor of the power of the transmitter and a
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target power factor. The operations of the transmitter can include a third comparison between a magnitude of the power
and a target power magnitude, wherein the third comparison follows the first comparison, and adjusting, based on the
third comparison, a bus voltage of the transmitter to adjust the power of the transmitter.

[0014] Insome implementations, the power factor is represented by a phase relationship between a transmitter voltage
and a transmitter current.

[0015] In some implementations, the first comparison and adjustment of the reactance of the transmitter-IMN based
on the first comparison occur iteratively until the power factor of the power is within a threshold value of the target power
factor.

[0016] In some implementations, the steps of performing the first comparison and adjusting the reactance of the
transmitter-IMN are iterated at a faster rate than the steps of performing the third comparison and adjusting the bus voltage.
[0017] In some implementations, the transmitter is an electric vehicle charger and wherein the receiver is a coupled
to a power system of an electric vehicle.

[0018] In some implementations, the operations of the transmitter include shutting down the wireless energy transfer
system by reducing the target power to zero.

[0019] In some implementations, the operations of the transmitter include shutting down a power inverter in the trans-
mitter.

[0020] In some implementations, the operations of the transmitter include starting up the transmitter by adjusting the
reactance of the transmitter-IMN to a maximum value.

[0021] In some implementations, the operations of the transmitter include starting up the transmitter by adjusting a
frequency of an inverter to a target frequency.

[0022] In some implementations, the operations of the receiver include starting up the receiver by adjusting the reac-
tance of the receiver-IMN to a minimum value.

[0023] In some implementations, the operations of the receiver include starting up the receiver by adjusting the reac-
tance of the receiver-IMN from a maximum value to a minimum value.

[0024] In some implementations, the transmitter-IMN includes a tunable reactive element electrically connected be-
tween an inverter and at least one fixed reactive element, and adjusting the reactance of the transmitter-IMN includes
adjusting the tunable reactive element.

[0025] Insomeimplementations, the receiver-IMN includes a tunable reactive element electrically connected between
a rectifier and at least one fixed reactive element, and adjusting the reactance of the receiver-IMN includes adjusting
the tunable reactive element.

[0026] In some implementations, the steps of performing the first comparison and adjusting the reactance of the
transmitter-IMN are iterated at a faster rate than the steps of performing the second comparison and adjusting the
reactance of the receiver-IMN.

[0027] In some implementations, determining the efficiency of the wireless energy transfer system includes receiving
power data from the transmitter, determining an output power of the receiver, and calculating the efficiency of the wireless
energy transfer system based on the power data from the transmitter and the output power of the receiver.

[0028] In some implementations, the operations of the transmitter include performing a plurality of checks that can
include a check of a magnitude of the power, a check of a power factor of the power, and a check of a frequency of an
inverter in the transmitter, and in response to the plurality checks, selectively adjusting the frequency of the inverter to
adjust the power of the transmitter.

[0029] In some implementations, the operations of the transmitter include performing a plurality of checks that can
include a check of a magnitude of the power and a check of a phase shift of an inverter of the transmitter, in response
to the plurality checks, selectively adjusting the phase shift of the inverter to adjust the power of the transmitter.
[0030] In some implementations, the operations of the transmitter include, before adjusting the bus voltage, verifying
that the bus voltage is greater than a minimum bus voltage.

[0031] In some implementations, the first comparison is between a power factor of the power of the transmitter and a
target power factor. The operations of the transmitter can include performing a third comparison between a magnitude
of the power and a target power magnitude, adjusting, based on the third comparison, the reactance of the transmitter-
IMN to reduce the power of the transmitter.

[0032] In some implementations, the first comparison is between a power factor of the power of the transmitter and a
target power factor. The operations of the transmitter can include performing a third comparison between a magnitude
of the power and a target power magnitude, and adjusting, based on the third comparison, a frequency of an inverter of
the transmitter to reduce the power of the transmitter.

[0033] In some implementations, the first comparison is between a power factor of the power of the transmitter and a
target power factor. The operations of the can include performing a third comparison between a magnitude of the power
and a target power magnitude, and adjusting, based on the third comparison, a phase shift of an inverter of the transmitter
to reduce the power of the transmitter.

[0034] Insome implementations, the transmitter includes an inductive coil coupled to at least portion of the transmitter-
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impedance matching network to form a transmitter resonator.

[0035] In some implementations, the receiver includes an inductive coil coupled to at least portion of the receiver-
impedance matching network to form a receiver resonator.

[0036] In a fourth aspect, the disclosure features the subject matter described in this specification can be embodied
in methods that include the actions of tuning, by a wireless energy transmitter, a transmitter-IMN of the wireless energy
transmitter to achieve a target transmitter power characteristic. Sending, by the wireless energy transmitter, power data
that indicates the power of the transmitter to a wireless energy receiver. Tuning, by the wireless energy receiver and
based on the power data, the receiver-IMN to improve an efficiency of the wireless energy transfer system.

[0037] In afifth aspect, the disclosure features a wireless energy transmitter that has a transmitter-IMN. The transmitter
is configured to perform operations including tuning the transmitter-IMN to achieve a target transmitter power charac-
teristic and sending power data that indicates the power of the transmitter to a wireless energy receiver.

[0038] In a sixth aspect, the disclosure features a features a wireless energy receiver that has a receiver- IMN. The
receiver is configured to perform operations including tuning the receiver-IMN to improve an efficiency of the wireless
energy transfer system based on power data received from a wireless energy transmitter.

[0039] In a seventh aspect, the disclosure features a wireless energy transfer system that includes an energy trans-
mitter, and an energy receiver. The transmitter is configured to perform operations including tuning the transmitter-IMN
to achieve a target transmitter power characteristic and sending power data that indicates the power of the transmitter
to the wireless energy receiver. The receiver has a receiver-IMN. The receiver is configured to perform operations
including tuning the receiver-IMN to improve an efficiency of the wireless energy transfer system based on power data
received from the wireless energy transmitter.

[0040] The fifth aspect and the sixth aspect can operate together in a system such as the system of the seventh aspect.
Furthermore, these and the first through third aspects can each optionally include one or more of the following features.
[0041] In some implementations, the target transmitter power characteristic is a target power factor and the target
transmitter power characteristic is a target power factor.

[0042] In some implementations, the power factor is represented by a phase difference between a transmitter voltage
and a transmitter current, and the target power factor is a target phase difference.

[0043] Insomeimplementations, the operations include adjusting, by the transmitter, an inverter bus voltage to achieve
a target power magnitude.

[0044] Insomeimplementations, the operations include adjusting, by the transmitter, an inverter bus voltage to achieve
a target power magnitude.

[0045] In some implementations, the operations include performing a safety check prior to adjusting the transmitter-
IMN. In some implementations, the safety check is an overvoltage check or an over-current check.

[0046] In some implementations, the operations include performing, by the transmitter, a plurality of checks that can
include a check of a magnitude of a transmitter power, a check of a transmitter power factor, and a check of a frequency
of an inverter in the transmitter; and in response to the plurality checks, selectively adjusting the frequency of the inverter
to adjust the power of the transmitter.

[0047] In some implementations, the operations include performing a plurality of checks that can include a check of
a magnitude of a transmitter power and a check of a phase shift of an inverter of the transmitter; and in response to the
plurality checks, selectively adjusting the phase shift of the inverter to adjust the power of the transmitter.

[0048] In some implementations, the transmitter is an electric vehicle charger and the receiver is a coupled to a power
system of an electric vehicle.

[0049] In some implementations, the operations include adjusting, while starting up the transmitter, the reactance of
the transmitter-IMN to a maximum value.

[0050] In some implementations, the operations include adjusting, while starting up the receiver, the reactance of the
receiver-IMN to a minimum value.

[0051] Insome implementations, the transmitter includes an inductive coil coupled to at least portion of the transmitter-
impedance matching network to form a transmitter resonator.

[0052] In some implementations, the receiver includes an inductive coil coupled to at least portion of the receiver-
impedance matching network to form a receiver resonator.

[0053] In an eight aspect, the disclosure features a wireless power transmission system without bus voltage control
configured to implement a control loop for tuning power transmission, where the control loop includes: a first sub-loop
to control output power of a transmitter of the wireless power transmission system, and a second sub-loop to tune a
combined reactance of an inductor and a capacitor that couple a tank circuit to a rectifier in a receiver of the wireless
power transmission system, where the second sub-loop tunes the combined reactance by monitoring efficiency of
wireless power transmission. Furthermore, this and other implementations can each optionally include one or more of
the following features.

[0054] In some implementations, the sub-loop employs a perturb-and-observe strategy to improve efficiency based
on a previous point by tuning X3.
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[0055] In some implementations, the second sub-loop is dependent on a power comparison where output power is
compared to target power at a start of the control loop.

[0056] In some implementations, the second sub-loop operates at the rate of communication, for example, 40 Hz.
[0057] In some implementations, the control loop is characterized by:

ﬁvz
7.[2 bus

R2,, T X2, v

mnv mnv

Pipy =

where P, is power out of an inverter of the transmitter of the wireless power transmission system, V,  is bus voltage,
Rinv is resistance seen by the inverter, and Xinv is reactance seen by the inverter, and where the tuning occurs at X,
= the combined reactance of the inductor and the capacitor.

[0058] In some implementations, the first sub-loop is a local loop that does not communicate with another part of the
wireless power transmission system.

[0059] In some implementations, the first sub-loop is faster than the second sub-loop where the first sub-loop is on
order of 1 to 10 kHz.

[0060] In some implementations, the control loop includes preparing inputs, including: setting transmitter reactance
to a maximum value, setting receiver reactance to a minimum value, and where the efficiency of wireless power trans-
mission at time zero = 0 and receiver reactance is to be changed by a constant or variable value.

[0061] In some implementations, the control loop starts by comparing output power to target power. In some imple-
mentations, if the output power equals the target power within a tolerance, then: efficiency is measured at a time n, the
efficiency at time n is compared to efficiency at a previous time n-1, if the efficiency at time n is greater than the efficiency
at the previous time n-1, then a change in receiver reactance is added to the receiver reactance and the output power
is compared to the target power; whereas if efficiency at time n is equal to or less than the efficiency at the previous
time n-1, then a change in receiver reactance is negated, the negated change is added to the receiver reactance, and
the output power is compared to the target power.

[0062] In some implementations, if the output power does not equal the target power within a tolerance, then: it is
determined whether the output power is less than the target power, if the output power is less than the target power,
then a change in transmitter reactance is set to -3, the change in transmitter reactance is added to the transmitter
reactance, and the output power is compared to the target power; if the output power is greater than the target power,
then the change in transmitter reactance is set to §, the change in transmitter reactance is added to the transmitter
reactance, and the output power is compared to the target power.

[0063] In a ninth aspect, the disclosure features a wireless power transmission system with bus voltage control con-
figured to implement a control loop for tuning power transmission, where the control loop includes: a first sub-loop to
control phase as defined: ¢ = arctan(Xj, qrte/Rinverter): @ s€cond sub-loop to control output power, and a third sub-loop
to tune a combined reactance of an inductor and a capacitor that couple a tank circuit to a rectifier in a receiver of the
wireless power transmission system by monitoring efficiency. Furthermore, this and other implementations can each
optionally include one or more of the following features.

[0064] In some implementations, the third sub-loop employs a perturb-and-observe strategy to improve efficiency
based on a previous point by tuning the combined reactance of an inductor and a capacitor.

[0065] In someimplementations, the third sub-loop is dependent on a power comparison and thus on the second sub-
loop.

[0066] In some implementations, the third sub-loop operates at a rate of communication, for example, 40 Hz (speed
of WiFi).

[0067] In some implementations, the control loop can be characterized by:

ivz
T2 bus

Pow = p7 7 Rinw

inv inv
where P, is power output from an inverter of the transmitter of the wireless power transmission system, V¢ is bus
voltage, R;,, is resistance seen by the inverter, and X, is the reactance seen by the inverter, and where tuning occurs
at both Vs and X3 = X,
[0068] In someimplementations, the first sub-loop is adjusted first, the second sub-loop is then adjusted, and the third
sub-loop is then adjusted.
[0069] In some implementations, the first sub-loop runs on the order of 1 to 10 kHz.
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[0070] In some implementations, the first sub-loop is a local loop and does not communicate with another part of the
wireless power transmission system.

[0071] In some implementations, the second sub-loop is a local loop and does not communicate with another part of
the wireless power transmission system.

[0072] In some implementations, the second sub-loop runs on the order of 1 to 10 kHz.

[0073] In some implementations, the control loop includes preparing inputs, including: setting transmitter reactance
to a maximum value, setting receiver reactance to a minimum value, where the efficiency of wireless power transmission
at time zero = 0, the receiver reactance is to be increased, the transmitter reactance is to be increased, the bus voltage
is to be increased, and phase is to be increased.

[0074] In some implementations, the control loop includes: comparing a phase measured at the inverter to a target
phase, and if the phase measured at the inverter equals the target phase, then output power is compared to target power.
[0075] In some implementations, the third sub-loop occurs if the output power equals the target power and includes:
measuring efficiency at a time n, comparing efficiency at the time n to efficiency at a previous time n-1, if the efficiency
at the time n is greater than the efficiency at the previous time n-1 then receiver reactance is incremented; whereas if
the efficiency at the time n is less than or equal to the efficiency at the previous time n-1, then change in the receiver
reactance is negated and the negated value is added to the receiver reactance.

[0076] In some implementations, the second sub-loop occurs if the output power does not equal the target power and
includes: if the output power is less than the target power, increasing the bus voltage, and if the output power is greater
than the target power, reducing the bus voltage.

[0077] Insome implementations, the first sub-loop occurs if a phase measured at inverter is not equal to a target phase
and includes: if the phase measured at inverter is greater than a target phase, comparing receiver reactance to a minimum
receiver reactance and if the receiver reactance equals the minimum receiver reactance, then comparing the output
power to the target power; whereas if the receiver reactance does not equal the minimum receiver reactance, decreasing
the transmitter reactance; and if the phase measured at the inverter is less than the target phase, then comparing the
receiver reactance to a maximum receiver reactance and if the receiver reactance equals maximum receiver reactance
then comparing the output power to the target power whereas if the receiver reactance does not equal the maximum
receiver reactance then increasing the transmitter reactance.

[0078] Particular implementations of the subject matter described in this specification can be implemented so as to
realize one or more of the following advantages. Implementations may improve the efficiency of operating wireless power
transfer systems. Implementations may improve the dependability of wireless power transfer systems. Implementations
may improve robustness of wireless power transfer systems to operate over many conditions. Implementations may
improve ability to achieve higher levels of power transfer over many conditions.

[0079] Embodiments ofthe devices, circuits, and systems disclosed can also include any of the other features disclosed
herein, including features disclosed in combination with different embodiments, and in any combination as appropriate.
[0080] The details of one or more implementations of the subject matter described in this specification are set forth in
the accompanying drawings and the description below. Other features, aspects, and advantages of the subject matter
will be apparent from the description, and the drawings. The invention is specified in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0081]

FIGS. 1A and 1B depict diagrams of an exemplary wireless power transmission system.

FIGS. 2A - 2D depict plots related to the effects of receiver X3 tuning in an exemplary wireless power transmission
system.

FIG. 3 depicts a flowchart of an exemplary control process for operating a wireless power transmission system.
FIGS. 4 depicts a flowchart of another exemplary control process for operating a wireless power transmission system.
FIGS. 5A-5C depict more detailed flowcharts of exemplary control processes for operating control loop for tuning a
wireless power transmission system.

FIG. 6A depicts a flowchart of an exemplary startup process for a wireless power transmission control system.
FIG. 6B depicts a flowchart of an exemplary shutdown process for a wireless power transmission control system.

[0082] Like reference numbers and designations in the various drawings indicate like elements.
DETAILED DESCRIPTION

[0083] Wireless energy transfer systems described herein can be implemented using a wide variety of resonators and
resonant objects. As those skilled in the art will recognize, important considerations for resonator-based power transfer
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include resonator quality factor and resonator coupling. Extensive discussion of such issues, e.g., coupled mode theory
(CMT), coupling coefficients and factors, quality factors (also referred to as Q-factors), and impedance matching is
provided, for example, in U.S. Patent Application No. 13/428,142, published on July 19, 2012 as US 2012/0184338, in
U.S. Patent Application No. 13/567,893, published on February 7, 2013 as US 2013/0033118, and in U.S. Patent
Application No. 14/059,094, published on April 24, 2014 as US 2014/0111019.

[0084] In some applications such as wireless power transfer, impedances seen by the wireless power supply source
and device may vary dynamically. In such applications, impedance matching between a device resonator coil and a
load, and a source resonator coil and the power supply, may be required to prevent unnecessary energy losses and
excess heat. The impedance experienced by a resonator coil may be dynamic, in which case, a dynamic impedance
matching network can be provided to match the varying impedance to improve the performance of the system. In the
case of the power supply in a wireless power system, the impedances seen by the power supply may be highly variable
because of changes in the load receiving power (e.g., battery or battery charging circuitry) and changes in the coupling
between the source and device (caused, for example, by changes in the relative position of the source and device
resonators). Similarly, the impedance experienced by the device resonator may also change dynamically because of
changes in the load receiving power. In addition, the desired impedance matching for the device resonator may be
different for different coupling conditions and/or power supply conditions. Accordingly, power transfer systems transferring
and/or receiving power via highly resonant wireless power transfer, for example, may be required to configure or modify
impedance matching networks to maintain efficient power transfer. Implementations of the present disclosure provide
startup, shutdown, and steady state operation processes that allow for efficient operation over the entire range of con-
ditions encountered in highly-resonant wireless power transfer systems (HRWPT) system such as high-power vehicle
charging systems, for example.

[0085] FIGS. 1A and 1B depict diagrams of an exemplary a wireless power transfer system 100. Referring first to FIG.
1A, the system 100 includes a wireless power transmitter 102 and a wireless power receiver 104. A wirelessly powered
or wirelessly charged device 112 is coupled to receiver 104. Wirelessly powered or wirelessly charged devices 112 can
include, for example, high-power devices such as electric vehicles or electronic devices such as laptops, smartphones,
tablets, and other mobile electronic devices that are commonly placed on desktops, tabletops, bar tops, and other types
of surfaces.

[0086] For purposes of illustration, wireless power transfer system 100 will be discussed in the context of a wireless
charging system for an electric vehicle. For example, system 100 can be a HRWPT system which is required to operate
over a wide range of coupling factors k, load conditions (such as a battery voltage), and environmental conditions that
detune the inductances of the resonators (e.g., due to spatial variations and interfering objects). Furthermore, in order
to perform wireless charging of electric vehicles, system 100 may be required to operate with high voltages (e.g., between
360V and 800V) and high currents (e.g., between 26A and 40A) to achieve a suitable range of power (e.g., 0 to 3.7 kW,
0to 7.7 kW, 0 to 11 kW, or 0 to 22 kW).

[0087] Wireless power transmitter 102 converts power from an external power source (e.g., power grid or generator)
to electromagnetic energy which is transmitted between resonators 108T and 108R to wireless power receiver 104.
Receiver 104 converts the oscillating energy received by resonator 108R to an appropriate form for use by device 112
(e.g., charging an electric vehicle battery). More specifically, the receiver power and control circuitry 110 can convert
AC voltage and current from resonator 108R to DC power within appropriate voltage and current parameters for device
112.

[0088] The transmitter power and control circuitry 106 can include circuits and components to isolate the source
electronics from the power supply, so that any reflected power or signals are not coupled out through the source input
terminals. The source power and control circuitry 106 can drive the source resonator 108S with alternating current, such
as with a frequency greater than 10 kHz and less than 100 MHz (e.g., 85 kHz). The source power and control circuitry
106 can include, for example, power factor correction (PFC) circuitry, a transmitter controller, impedance matching
circuitry, a power inverter, a DC-to-DC converter, an AC-to-DC converter, a power amplifier, or any combination thereof.
[0089] The receiver power and control circuitry 110 can be designed to transform alternating current power from the
receiver resonator 108R to stable direct current power suitable for powering or charging one or more devices 112. For
example, the receiver power and control circuitry 110 can be designed to transform an alternating current power at one
frequency (e.g., 85 kHz) from resonator 108R to alternating current power at a different frequency suitable for powering
or charging one or more devices 112. The receiver power and control circuitry 110 can include, for example, a receiver
controller, impedance matching circuitry, rectification circuitry, voltage limiting circuitry, current limiting circuitry, AC-to-
DC converter circuitry, DC-to-DC converter circuitry, DC-to-AC circuitry, AC-to-AC converter circuitry, and battery charge
control circuitry.

[0090] Transmitter 102 and receiver 104 can have tuning capabilities, for example, dynamic impedance matching
circuits, that allow adjustment of operating points to compensate for changing environmental conditions, perturbations,
and loading conditions that can affect the operation of the source and device resonators and the efficiency of the energy
transfer. The tuning capability can be controlled automatically, and may be performed continuously, periodically, inter-
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mittently or at scheduled times or intervals. In some implementations, tuning is performed synchronously between the
transmitter 102 and the receiver 104 as described in more detail below.

[0091] FIG. 1B shows the power and control circuitry 106 and 110 of transmitter 102 and receiver 104 in more detail.
Referring to both FIGS. 1A and 1B, transmitter 102 includes an inverter 122 powering a transmitter impedance matching
network (IMN) 124 and a controller 125 that controls the operation of inverter 122 and tunes transmitter IMN 124.
Transmitter IMN 124 is coupled to resonator coil 108T. Receiver 104 includes a receiver IMN 126 coupled to resonator
108R, a rectifier 128 and a controller 129 that can tune the receiver IMN 126. In operation, inverter 122 provides power
through transmitter IMN 124 to resonator 108T. Resonator 108T couples oscillating electromagnetic energy to resonator
108R, with a coupling constant k. The energy received by resonator 108R is transferred through receiver IMN 126 to
rectifier 108 which converts the energy into an appropriate form for use by device 112.

[0092] Transmitter controller 125 and receiver controller 129 can be implemented as processors or microcontrollers.
In some implementations, transmitter controller 125 and receiver controller 129 can be implemented as ASIC or FPGA
controllers. Transmitter controller 125 and receiver controller 129 need not be implemented in the same form. For
example, transmitter controller 125 can be implemented as a microcontroller and receiver controller 129 can be imple-
mented as an ASIC controller.

[0093] Transmitter 102 also includes a plurality of sensors such as voltage, current, and power sensors to measure
transmitter operating parameters. Transmitter controller 125 can use measurements from the sensors to control the
operation of the transmitter 102 and to tune the transmitter IMN 124. Transmitter operating parameters measured by
the sensors can include, but is not limited to, inverter bus voltage (Vy, ), transmitter input power, inverter AC voltage
(Vac), inverter AC current (I5c), transmitter power factor (pf), and other voltages and currents as needed for safety
checks. In some implementations, the transmitter input power is measured at an AC input to a transmitter PFC circuit.
In some implementations, the transmitter input power is measured as an inverter power (P;;,), as shown in FIG. 1B. In
some implementations, the inverter power (P;,) is measured at the DC input of inverter 122. In some implementations,
inverter power (P;,) is measured at the AC output of inverter 122. Transmitter power factor can be measured as the
phase difference (¢) between the inverter AC voltage (Vac) and inverter AC current (15c), where the power factor is the
cosine of the phase difference (¢). In some implementations, the phase difference (¢) can be used as a proxy for power
factor. Thatis, transmitter controller 125 can perform operations based on the phase difference (¢) instead of calculating
an actual power factor value. In some implementations, transmitter power factor (pf) can be calculated based on equivalent
resistance and reactance values as seen at the output of the inverter. For example, the phase difference (¢) can be
represented by:

Q= arCtan(Xinverter/Rinverter)'

[0094] Receiver 104 also includes a plurality of sensors such as voltage, current, and power sensors to measure
receiver operating parameters. Receiver controller 129 can use measurements from the sensors to control the operation
of the receiver 104 and to tune the receiver IMN 126. Receiver operating parameters measured by the sensors can
include, but is not limited to, receiver output power (P, ), rectifier AC voltage, rectifier AC current, rectifier DC voltage,
rectifier DC current, and other voltages and currents as needed for safety checks.

[0095] Transmitter IMN 124 and receiver IMN 126 can each include a plurality of fixed and variable impedance matching
components such as resistors, capacitors, inductors, or combinations thereof. Variable impedance components can be
tunable reactive impedance components including, but not limited to, PWM-switched capacitors, radio frequency (RF)
controlled capacitors whose effective capacitance at RF is controlled by a DC bias field, temperature-controlled capac-
itors, PWM-switched inductors, DC controlled inductors whose effective inductance is controlled by a bias DC field (e.g.,
a saturable core), temperature-controlled inductors, arrays of reactive elements switched in and out of the circuit by
switches, or a combination thereof.

[0096] In the illustrated example, transmitter IMN 124 includes series capacitor 132, parallel capacitor 134, and the
combination of capacitor 136 and inductor 138 at the output of inverter 122. Capacitor 136 is a variable capacitor and
can include one or more variable capacitors. A resistive component of the transistor resonator coil 108T is represented
by resistor 140.

[0097] Receiver IMN 126 includes series capacitor 144, parallel capacitor 146, and the combination of capacitor 148
and inductor 150 at the input to rectifier 128. Capacitor 148 is a variable capacitor and can include one or more variable
capacitors. A resistive component of the receiver resonator coil 108R is represented by resistor 152.

[0098] IMNSs 124 and 126 canhave awide range of circuitimplementations with various components having impedances
to meet the needs of a particular application. For example, U.S. Patent No. 8,461,719 to Kesler et al., discloses a variety
of tunable impedance network configurations, such as in FIGS. 28a-37b. In some implementations, each of the compo-
nents shown in FIG. 1B may represent networks or groups of components.

[0099] Each of the IMNs 124 and 126 include three reactances: series reactance X1 (e.g., capacitor 132 or 144),
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parallel reactance X2 (e.g., capacitor 134 or 146), and inverter output/rectifier input reactance X3 (combined reactance
of inductor 138 or 150 with capacitor 136 or 148, respectively). The reactances X1-X3 of receiver IMN 126 mirror the
corresponding reactances X1-X3 of transmitter IMN 124. Although reactance X3 is the only reactance illustrated as
including a tunable reactance component, namely, capacitors 136 and 148, in other implementations, reactances X1
and X2 can include tunable reactance components in addition to or in place of the tunable reactance component in
reactance X3. In other words, IMNs 124 and 126 can be tuned by tuning any one or more of reactances X1-X3. In some
implementations, components that make up reactances X1 and X3 can be balanced.

[0100] While any of reactances X1, X2, X3, or combinations thereof can be tuned, in some implementations, it can
be advantageous to tune reactance X3. For example, by tuning reactance X3, it may be possible to reduce system
complexity and cost if tuning a single component in IMN is sufficient. By tuning reactance X3, the current through the
X3 elements can be significantly lower than that through the tank circuit formed by X1, X2, and the resonator coil. This
lower current may make implementation of tunable components more cost-effective by, for example, reducing current
ratings that may be required for such components. Additionally, lower currents may reduce losses by tuning elements
at X3.

[0101] In some implementations, tunable reactive elements (e.g., PWM controlled capacitors) can inject harmonic
noise into a HRWPT system. To help with EMI compliance, may be preferable to keep this harmonic noise away from
the main HRWPT resonator coils (e.g., 108T and 108R). Higher-harmonics injected by a tunable element at X3 may be
more suppressed than those that can be generated by the inverter and rectifier and may be significantly suppressed by
the rest of the HRWPT circuit before reaching the resonator coil 108T or 108R.

[0102] In some implementations with tunable elements at X3 (e.g., PWM controlled capacitors), the tunable element
dissipates the least amount of power (theoretically zero) when the overall efficiency of the rest of the system is lowest,
and the highest amount of power when the overall efficiency of the rest of system is highest. This has the desirable
effect of optimizing the minimum and average efficiencies of the system while only slightly affecting the maximum
efficiency. However, tuning elements at X1 or X2 can have the opposite, less desirable, effect.

[0103] Fixed reactances of X1 and X2, and the base reactance value of X3 can be selected to achieve the results
shown in FIGS. 2A-2D and discussed below. For example, values for X1 and X2 can be determined by: 1) Determining
the maximum range of reactive tuning that can be achieved based on the maximum current that flows through the circuit
branches containing X3 and the current and voltage ratings of the components used in the implementation of the tunable
reactive elements. For example, one may conclude that a single-stage reactive element can affect 20 Q of reactive
tuning. 2) Optimizing, for the receiver-side IMN, X1, X2, and the base value of X3 so as to optimize the coil-to-coil
efficiency over the range of relative positions of the resonators (and of load conditions) and/or ensure that the amount
of power dissipated in the resonators stays below a specified limit based on the range of reactive determined in step 1.
3) Optimizing, for the transmitter-side IMN, X1, X2, and the base value of X3 so as to present a desirable effective
impedance to the inverter (e.g., sufficiently inductive to achieve zero-voltage-switching in a Class D inverter, but not too
inductive that there’s excessive reactive current, and with a magnitude that falls within the range of bus voltages that
can be practically achieved).

[0104] FIGS. 2A - 2D illustrate plots related to the effects of tuning receiver X3. FIG. 2A shows source (transmitter)
Qd /Qé.

U
resonator power losses (in W per kW to the load) as a function of quality factor ratio where Qd is the quality

L
factor of the unloaded device (receiver) resonator and Qd is the quality factor of the loaded device resonator (loading

Foy = U = ky/QsCQq.

includes the loading of the remaining device circuitry and load) and figure of merit FIG. 2A
illustrates that figure of merit plays a dominate role in losses at the transmitter resonator.
[0105] FIG. 2B shows device resonator power losses (in W per kW to the load) as a function of quality factor ratio

Qi /Q Qd

L
is the quality factor of the unloaded device resonator and Qd is the quality factor of the loaded

device resonator (loading includes the remaining device circuitry and load) and figure of merit Fom =U = k Qs Qd'
FIG. 2B illustrates that quality factor ratio plays a dominate role in losses at the receiver resonator.

[0106] FIG. 2C shows device figure of merit U, at an operating frequency of 84 kHz as a function of the change in
reactance dX (in ohms) at position X3 and load resistance R, (in ohms). Figure of merit U, is defined through:

RLeq
— = /1 + Uz
R, d

where
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where R,_Yeq is the loaded equivalent series resistance (ESR) (due to device electronics, such as the rectifier, and battery)
of the device resonator and Ry is the unloaded ESR of the device resonator. When Uy is set to equal figure of merit U
of the system, then the coil-to-coil efficiency can be maximized.
[0107] FIG. 2D shows phase w(in degrees) at an operating frequency of 84 kHz as a function of the change in reactance
(in ohms) and load resistance (in ohms). Phase y is defined by:

AX;
Y = arctan
RL,eq

where 4X; is the residual reactance of the loaded device resonator at the operating frequency. A phase = 0 means
the loaded device resonator is at resonance.

[0108] The trapezoidal dotted outline 202 in FIGS. 2C and 2D shows an operating range for a wireless power transfer
receiver. Outline 202 in FIG. 2D shows a range of R that would be seen for a wireless power transmission system
operating at 11 kW output. For example, for R = 10 Q, there is a significant ability to tune X3, as shown in FIG. 2C by
range of dX at R_ = 10 Q, while maintaining near resonance (or avoiding detuning the resonator), as shown in FIG. 2D
by the proximity of =0 curve to R =10 Q.

[0109] Referring againto FIG. 1B, controllers 125 and 129 can synchronously tune the IMNs 124 and 126, respectively,
to maintain system 100 operations within desired operating ranges such as outline 202. In the illustrated implementations,
controllers 125 and 129 perform the processes described below to synchronously tune reactance X3 of the transmitter
and receiver IMNs 124 and 126 in order to safely and efficiently transfer power to a device 112 such as an electric
vehicle. In order to synchronously control the IMNs 124 and 126, transmitter 102 and receiver 104 can communicate
control data between each other. For example, controllers 125 and 129 can include wireless communication interfaces
to conduct electronic communications in an out-of-band communications channel. Communications between controllers
125and 129 caninclude, but are notlimited to, RF communications (e.g., WiFlI, Bluetooth, Zigbee), optical communication,
infrared communications, ultrasonic communications, or a combination thereof.

[0110] For example, as described in more detail below in reference to FIGS. 3-5C, controller 125 can tune transmitter
IMN 124 to achieve a target power characteristics of transmitter 102, while controller 129 can tune receiver IMN 126 to
achieve a target system efficiency. Transmitter controller 125 adjusts IMN 124 to achieve and maintain target power
characteristics of the transmitter 102. Transmitter controller 125 sends input power data to receiver controller 129.
Receiver controller 129 measures output power of the receiver 104 and, together with the input power data, calculates
the efficiency of the system 100. Receiver controller 129 tunes the receiver IMN 126 to maximize the system efficiency.
For example, receiver controller 129 can determine appropriate adjustments to receiver IMN 126 based on comparing
a calculated efficiency values at two different times.

[0111] In some implementations, transmitter controller 125 operates at a faster rate than receiver controller 129. That
is, transmitter controller 125 can tune the transmitter IMN 124 at a faster rate than receiver controller 129 can tune the
receiver IMN 126. For example, receiver controller 129 may only be permitted to tune receiver IMN 126 as fast as it
receives new input power data from transmitter controller 125.

[0112] FIG. 3 depicts a flowchart of an exemplary control process 300 for operating a wireless power transmission
system. In some examples, the example process 300 can be provided as computer-executable instructions executed
using one or more processing devices (e.g., processors or microcontrollers) or computing devices. In some examples,
the process 300 may be executed by hardwired electrical circuitry, for example, as an ASIC or an FPGA controller.
[0113] Portions of process 300 are be performed by a wireless power transmitter 102 (e.g., transmitter controller 125)
and portions of process 300 are performed by a wireless power receiver 104 (e.g., receiver controller 129). Process 300
includes two control loops 303 and 305. Loop 303 is performed by a transmitter 102 to tune a transmitter IMN 124 by
adjusting reactance X3 to control the transmitter power. In some implementations, loop 303 is a local loop that does not
require communication with other devices (e.g., receiver 104) to be performed. In some implementations, loop 303 is
executed by a transmitter at between 1 - 10 kHz. Loop 303 can be characterized by:

8
ﬁ Vbzus
Py, =

T RE, X,

inv inv

where Pin is the power of the inverter, V¢ is the DC bus voltage of the inverter 122, Rinv is the effective resistance as
seen by the inverter, and Xj,,, is the effective reactance as seen by the inverter.
[0114] Loop 305 is performed by a receiver 104 to tune a receiver IMN 126 based on system efficiency. For example,

10



10

15

20

25

30

35

40

45

50

55

EP 3 203 604 B1

loop 305 can employ a "perturb-and-observe" strategy to improve efficiency by adjusting reactance X3 of a receiver IMN
126 to continually improve efficiency over consecutive iterations. Loop 305 depends on input power data from transmitter
102 to calculate system efficiency at each iteration. In some implementations, loop 305 operates at the rate of commu-
nication between transmitter 102 and receiver 104, for example, 40 Hz.

[0115] Block 302 lists the inputs and initial conditions for process 300 which include a variable transmitter reactance
Xix (e.9., X3 of transmitter IMN 124), set to a maximum reactance value X, m,,; @ variable receiver reactance Xrx (e.g.,
X3 of receiver IMN 126), set to a minimum reactance value X, ,in; @ system efficiency n, initially set to zero; a transmitter
reactance step size AXy,, set to an adjustment value of §; and a receiver reactance step size AX,,, set to an adjustment
value of . In some implementations, the reactance step sizes AX;, and AX,, are constant values. In some implementations,
the reactance step sizes AX;, and AX,, can be variable. For example, controller 125 or controller 129 can increase or
decrease the magnitude of the respective step sizes dynamically during process 300.

[0116] Process 300 starts at step 304. At step 306 the power of the transmitter 102 is measured. Transmitter controller
125 measures the input power Py, and, at step 306, compares the input power P, to a target power level Py, q¢;. If Pin
equals Py g6t the process 300 proceeds to step 308 of loop 305. If Py, does not equal Pyyget, Process 300 proceeds to
step 316 of loop 303. In some implementations or some operation modes, the target power level is set by the transmitter
102. In some implementations or some operation modes, the target power level is set by the receiver 104. For example,
when in steady-state operations (e.g., normal operations apart from startup or shutdown sequences), system 100 can
operate as a demand based system. For example, receiver 104 can request power levels from the transmitter 102.
Transmitter controller 125 can calculate a target input power level based on the demanded power level from the receiver
104. For example, transmitter controller 125 can convert the demanded power to a target input power level that would
be required to transmit the demanded power level by accounting for expected losses in the transmitter (e.g., IMN losses
and inverter losses).

[0117] Referring firstto the transmitter-side loop, loop 303, if the input power of the transmitter (e.g., the inverter power)
is not equal to the target power, at step 316 transmitter controller 125 compares the input power to the target power
level to determine whether the input power is less than the target power level. If Py, is less than Py, e, then, at step 318,
transmitter controller 125 sets the transmitter reactance step size AXy,, to a negative adjustment value to decrease the
variable transmitter reactance X, in step 320. If P;, is not less than Py,qe, then, at step 322, transmitter controller 125
sets the transmitter reactance step size AX,,, to a positive adjustment value to increase the variable transmitter reactance
Xix in step 320. In some implementations, the magnitude of the reactance adjustment value & can be varied. For example,
if the difference between P;, and Py, is large, for example, greater than a coarse adjustment threshold value, then
the transmitter controller 125 can increase the magnitude of the reactance adjustment value 3. Correspondingly, if the
difference between P, and Py, 4e is smalll, for example, less than a fine adjustment threshold value, then the transmitter
controller 125 can decrease the magnitude of the reactance adjustment value . After the variable transmitter reactance
Xix is adjusted in step 320, loop 303 returns to step 306, where the input power is again compared to the target power level.
[0118] Referring to the receiver-side loop, loop 305, if the input power of the transmitter is equal to the target power,
at step 308, the receiver controller 129 measures the efficiency of the system 100. For example, when P, is equal to
Ptarget: the transmitter can send data indicating the measured value of P;, to the receiver 104. (It should be noted that
measured transmitter power can be represented by a floating point number and, thus, may not exactly equal the target
power, but may be equivalent within a predetermined tolerance.) Receiver controller 129 measures the output power of
the receiver, and calculates the system efficiency n(n) at time n based on the received transmitter power data and the
measured receiver output power value.

[0119] Atstep 310, receiver controller 129 compares the system efficiency calculated at time n, to the system efficiency
calculated at a previous time n-1. If the efficiency at time n is greater than the efficiency at time n-1, then, at step 312,
the variable receiver reactance X, is adjusted by the receiver reactance step size AX,,. For example, the change in
receiver reactance AX,, is added to the variable receiver reactance X,,. If the efficiency at time n is not greater than the
efficiency at time n-1, then, at step 314, receiver controller 129 changes the sign of the receiver reactance step size
AX,, before adjusting the variable receiver reactance X,, at step 312. For example, the value of the change in receiver
reactance & can be negated. For example, the direction of adjustments for the variable receiver reactance X, is swapped
when the efficiency is no longer increasing between subsequent iterations of loop 305. As illustrated in by loop 305,
direction of adjustments for the variable receiver reactance X, will then be retained in subsequent iterations of loop 305
until efficiency decreases again, thereby, maintaining a near-maximum system efficiency.

[0120] In some implementations, the magnitude of the reactance adjustment value ¢ can be varied. For example, if
the efficiency at time n is less than a coarse adjustment threshold value (e.g., soon after system startup), then the
receiver controller 129 can increase the magnitude of the reactance adjustment value e. Correspondingly, if the the
efficiency at time n is near an estimated maximum value for example, within a fine adjustment threshold of the estimated
maximum value, then the receiver controller 129 can decrease the magnitude of the reactance adjustment value «.
[0121] FIG. 4 depicts a flowchart of an exemplary control process 400 for operating a wireless power transmission
system. In some examples, the example process 400 can be provided as computer-executable instructions executed
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using one or more processing devices (e.g., processors or microcontrollers) or computing devices. In some examples,
the process 400 may be executed by hardwired electrical circuitry, for example, as an ASIC or an FPGA controller.
[0122] Process 400 is similar to process 300, but includes control of inverter bus voltage V¢ to adjust transmitter
power P;,, and measurements of and the use of inverter power factor (e.g., inverter AC voltage V¢ and inverter AC
current |, phase difference ¢) to tune the transmitter IMN 124.

[0123] Portions of process 400 are be performed by a wireless power transmitter 102 (e.g., transmitter controller 125)
and portions of process 400 are performed by a wireless power receiver 104 (e.g., receiver controller 129). Process 400
includes three controlloops 401, 403, and 405. Loops 401 and 403 are performed by a transmitter 102 to tune a transmitter
IMN 124 and to control the transmitter power. Loop 401 is a phase loop that tunes the transmitter IMN 124 by adjusting
reactance X3 to achieve a target phase ¢ relationship between the inverter AC output voltage and inverter AC output
current (e.g., inverter power factor), hereinafter referred to as "inverter output phase ¢,,," and "target inverter output
phase @igqer-" LOOP 403 is a power control loop that controls and maintains the transmitter power magnitude P;, at or
near the target power Py, ¢t by adjusting the inverter bus voltage Vy¢. In some implementations, loops 401 and 403
are local loops that do not require communication with other devices (e.g., receiver 104) to be performed. In some
implementations, loops 401 and 403 are executed by a transmitter at between 1 - 10 kHz. Loops 401 and 403 can be
characterized by:

8
p T2 Vbzus R

in inv

Riznv + Xiznv

where P, is the power of the inverter, V¢ is the DC bus voltage of the inverter 122, R;,, is the effective resistance as
seen by the inverter, and X, is the effective reactance as seen by the inverter.
[0124] Loop 405 is performed by a receiver 104 to tune a receiver IMN 126 based on system efficiency. Loop 405 is
similar to loop 305 of process 300. For example, loop 405 can employ a "perturb-and-observe" strategy to improve
efficiency by adjusting reactance X3 of a receiver IMN 126 to continually improve efficiency over consecutive iterations.
Loop 405 depends on input power data from transmitter 102 to calculate system efficiency at each iteration. In some
implementations, loop 405 operates at the rate of communication between transmitter 102 and receiver 104, for example,
40 Hz.
[0125] Block 402 lists the inputs and initial conditions for process 400 which include a variable transmitter reactance
Xix (€.9., X3 of transmitter IMN 124), set to a maximum reactance value X, n,,; @ variable receiver reactance X, (e.g.,
X3 of receiver IMN 126), set to a minimum reactance value X, ,in; @ system efficiency n, initially set to zero; a transmitter
reactance step size AX,, set to an adjustment value greater than zero; a receiver reactance step size AX,,, set to an
adjustment value greater than zero; and a bus voltage step size AV, ¢ set to an adjustment value greater than zero. In
some implementations, the reactance step sizes AX;, and AX,, and bus voltage step size AV, are constant values. In
some implementations, the reactance step sizes AX;, and AX,, and bus voltage step size AV, can be variable. For
example, controller 125 or controller 129 can increase or decrease the magnitude of the respective step sizes dynamically
during process 400.
[0126] Process 400 starts at step 404. At step 406, transmitter controller 125 measures the inverter output phase oy,
and compares the measured inverter output phase oj,, to a target inverter output phase @igrget- If @iy €qUalS irget the
process 400 proceeds to step 408 of loop 403. If ¢;,, does not equal @i,qet the process 400 proceeds to step 424 of
loop 401. In some implementations, Prarget is slightly greater than 0 so the inverter still sees a slightly inductive load.
[0127] Referring first to phase loop, loop 401, if the inverter output phase is not equal to the target inverter output
phase, at step 406 transmitter controller 125 compares the inverter output phase to the target inverter output phase, at
step 424, to determine whether the inverter output phase is greater than the target inverter output phase. If ¢y, is greater
than ¢,get, then, at step 426, transmitter controller 125 checks whether the variable transmitter reactance Xy, is already
at a minimum value X, m,- If the variable transmitter reactance X,y is already at a minimum value Xy min, then loop 401
proceeds to step 408 with no adjustment to the variable transmitter reactance X;,. If the variable transmitter reactance
Xix is not at a minimum value X, i, then, at step 332, transmitter controller 125 decrements the variable transmitter
reactance X, by the transmitter reactance step size AX,,, and loop 401 reverts back to step 406 to reevaluate the inverter
output phase.
[0128] If, at step 424, ¢y, is not greater than @iyget, then, at step 430, transmitter controller 125 checks whether the
variable transmitter reactance X,y is already at a maximum value Xy max- If the variable transmitter reactance Xy, is
already at a maximum value Xy o, then loop 401 proceeds to step 408 with no adjustment to the variable transmitter
reactance Xi,. If the variable transmitter reactance X, is not at a maximum value Xy, ., then, at step 420, transmitter
controller 125 increments the variable transmitter reactance X;, by the transmitter reactance step size AX,,, and loop
401 reverts back to step 406 to reevaluate the inverter output phase.
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[0129] Referring to the power loop, loop 403, at step 408 transmitter controller 125 measures the input power P;,, and
compares the measured input power P, to a target power level Piyqet. If Pin equals Piyger the process 400 reverts to
step 406 of loop 401. In addition, transmitter controller 125 can send data indicating the measured value of P;, to the
receiver 104. If P;, does not equal Py, g6, process 400 proceeds to step 418. In some implementations or some operation
modes, the target power level is set by the transmitter 102. In some implementations or some operation modes, the
target power level is set by the receiver 104. For example, when in steady-state operations (e.g., normal operations
apart from startup or shutdown sequences), system 100 can operate as a demand based system. For example, receiver
104 can request power levels from the transmitter 102. Transmitter controller 125 can calculate a target input power
level based on the demanded power level from the receiver 104. For example, transmitter controller 125 can convert
the demanded power to a target input power level that would be required to transmit the demanded power level by
accounting for expected losses in the transmitter (e.g., IMN losses and inverter losses).

[0130] If the power of the transmitter is not equal to the target power, at step 418 transmitter controller 125 compares
the input power to the target power level to determine whether the input power is less than the target power level. If P;,
is less than Py, 4er, then, at step 420, transmitter controller 125 increments the inverter bus voltage Vs by the bus
voltage step size AV, and loop 403 reverts back to step 408 to reevaluate the power of the transmitter. If P;, is not
less than Py, g, then, at step 422, transmitter controller 125 decrements the inverter bus voltage Vi, s by the bus voltage
step size AV}, and loop 403 reverts back to step 408 to reevaluate the power of the transmitter.

[0131] Insomeimplementations, the magnitude of the transmitter reactance step size AX,, can be varied. For example,
if the difference between ¢;,, and ¢,qq; is large, for example, greater than a coarse adjustment threshold value, then
the transmitter controller 125 can increase the transmitter reactance step size AX;,. Correspondingly, if the difference
between ¢j, and @iyrqe is small, for example, less than a fine adjustment threshold value, then the transmitter controller
125 can decrease the magnitude of the transmitter reactance step size AXy,.

[0132] In some implementations, the magnitude of the bus voltage step size AV, ¢ can be varied. For example, if the
difference between P;, and Py, is large, for example, greater than a coarse adjustment threshold value, then the
transmitter controller 125 can increase the bus voltage step size AV .. Correspondingly, if the difference between Py,
and Py get is small, for example, less than a fine adjustment threshold value, then the transmitter controller 125 can
decrease the magnitude of the bus voltage step size AV .

[0133] Referring to the receiver-side loop, loop 405, at step 409 receiver 104 receives transmitter power data. For
example, when Pj, is equal to Py, at step 408, the transmitter 102 can send data indicating the measured value of
P,, to the receiver 104. At step 410, the receiver controller 129 measures the efficiency of the system 100. Receiver
controller 129 measures the output power of the receiver 104, and calculates the system efficiency n(n) at time n based
on the received transmitter power data and the measured receiver output power value.

[0134] Atstep412,receiver controller 129 compares the system efficiency calculated at time n, to the system efficiency
calculated at a previous time n-1. If the efficiency at time n is greater than the efficiency at time n-1, then, at step 414,
the variable receiver reactance X, is adjusted by the receiver reactance step size AX,. For example, the change in
receiver reactance AX,, is added to the variable receiver reactance X,,. If the efficiency at time n is not greater than the
efficiency at time n-1, then, at step 416, receiver controller 129 changes the sign of the receiver reactance step size
AX,, before adjusting the variable receiver reactance X, at step 414. For example, the value of the receiver reactance
step size AX,, can be negated. For example, the direction of adjustments for the variable receiver reactance X, is
swapped when the efficiency is no longer increasing between subsequent iterations of loop 405. As illustrated in by loop
405, direction of adjustments for the variable receiver reactance X, will then be retained in subsequent iterations of loop
405 until efficiency decreases again, thereby, maintaining a near-maximum system efficiency.

[0135] In some implementations, the magnitude of the receiver reactance step size AX,, can be varied. For example,
if the efficiency at time n is less than a coarse adjustment threshold value (e.g., soon after system startup), then the
receiver controller 129 can increase the magnitude of the receiver reactance step size AX,,. Correspondingly, if the
efficiency at time n is near an estimated maximum value for example, within a fine adjustment threshold of the estimated
maximum value, then the receiver controller 129 can decrease the magnitude of the receiver reactance step size AX,.
[0136] FIGS. 5A - 5C depicts a flowchart of an exemplary control processes 500a, 500b, and 500c¢ for operating a
wireless power transmission system. In some examples, the processes 500a, 500b, and 500c can be provided as
computer-executable instructions executed using one or more processing devices (e.g., processors or microcontrollers)
or computing devices. In some examples, the processes 500a, 500b, and 500c may be executed by hardwired electrical
circuitry, for example, as an ASIC or an FPGA controller. Processes 500a, 500b, and 500c are related to processes 300
and 400, but include additional steps that evaluate and control additional system parameters to operate a wireless power
transmission system.

[0137] Referring to FIG. 5A, process 500a includes portions that are be performed by a wireless power transmitter
102 (e.g., transmitter controller 125) and portions that are performed by a wireless power receiver 104 (e.g., receiver
controller 129). Process 500a includes three control loops 501a, 503a, and 505. Loops 501a and 503a are performed
by a transmitter 102 to tune a transmitter IMN 124 and to control the transmitter power. Loop 501a is a phase loop that
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tunes the transmitter IMN 124 by adjusting reactance X3 to achieve a target inverter output phase @i5qer- LOOP 5012
also includes safety checks to ensure that current, voltage, or other device limitations are not exceeded. Loop 503a is
a power control loop that controls and maintains the transmitter power magnitude P;, at or near the target power Pgq
by adjusting the inverter bus voltage V. Loop 503a also incorporates adjustments to inverter frequency f;,, to control
transmitter power. In some implementations, loops 501a and 503a are local loops that do not require communication
with other devices (e.g., receiver 104) to be performed. In some implementations, loops 501a and 503a are executed
by a transmitter at between 1 - 10 kHz.

[0138] Loop 505 is performed by a receiver 104 to tune a receiver IMN 126 based on system efficiency. Loop 505 is
the same as loop 405 of process 400 the operation of which is described above.

[0139] Block 502 lists the inputs and initial conditions for process 500a which include a variable transmitter reactance
Xix (€.g., X3 of transmitter IMN 124), set to a maximum reactance value X, n,,; @ variable receiver reactance X, (e.g.,
X3 of receiver IMN 126), set to a minimum reactance value X, ;n; an inverter frequency i, setto a maximum frequency
finv.max; @ system efficiency n, initially set to zero; a transmitter reactance step size AX,, set to an adjustment value
greater than zero; a receiver reactance step size AX,,, set to an adjustment value greater than zero; an inverter frequency
step size Af;,, set to an adjustment value greater than zero; and a bus voltage step size AV, set to an adjustment
value greater than zero. In some implementations, the reactance step sizes AX;, and AX,,, bus voltage step size AV,
and inverter frequency step size Af,,, are constant values. In some implementations, the reactance step sizes AX;, and
AX,,, bus voltage step size AV, and inverter frequency step size Af,,, can be variable. For example, controller 125 or
controller 129 can increase or decrease the magnitude of the respective step sizes dynamically during process 500a.
[0140] Process 500a starts at step 504. At step 506, transmitter controller 125 performs several checks while tuning
the inverter frequency in step 508. Transmitter controller 125 compares the measured input power Pin to a target power
level Piarger, the measured inverter output phase oy, to an inverter output phase limit g;i;; (€.9., 45 degrees), and the
inverter frequency f;,, to the minimum inverter frequency f;, .- When all of the comparisons in step 506 are true, then
transmitter controller 125 decrements the inverter frequency f,,,, by inverter frequency step size Af,,, at step 508. If any
of the comparisons are false, the process 500a proceeds to step 510 of loop 501a.

[0141] Referring to phase loop, loop 5014, if the inverter output phase is not equal to the target inverter output phase,
at step 510 transmitter controller 125 compares the inverter output phase to the target inverter output phase, at step
536, to determine whether the inverter output phase is greater than the target inverter output phase. If ¢;,, is greater
than @ e then, at step 538, transmitter controller 125 performs several additional checks. At step 538, transmitter
controller 125 checks whether the variable transmitter reactance X, is already at a minimum value X, mi,; whether Py,
is greater than Py, ¢, Or whether a safety check has failed. The safety check can be, for example, an over voltage or
over current check. If any of the checks are true, then loop 501a proceeds to an additional safety check at step 540.
The safety check at step 540 can be the same safety check as performed at step 538, for example, to determine whether
the safety check at step 538 was the check that caused the transmitter controller 125 to proceed to step 540. If so, then
transmitter controller 125 increments the variable transmitter reactance X, by the transmitter reactance step size AX,,
and loop 501a reverts back to step 506. If not, then loop 501a proceeds to step 512 of loop 503a to adjust the transmitter
power. If all of the checks at step 538 are false, then transmitter controller 125 decrements the variable transmitter
reactance X;, by the transmitter reactance step size AX,, and loop 501a reverts back to step 506.

[0142] Referring back to step 536, if ¢, is not greater than ¢iyget, then, at step 546, transmitter controller 125 checks
whether the variable transmitter reactance X, is already at a maximum value X, .- If the variable transmitter reactance
Xy« is already at a maximum value X, ... then loop 501aissue a fault condition 548. If the variable transmitter reactance
Xix is not at a maximum value X, ma then, at step 550, transmitter controller 125 increments the variable transmitter
reactance X;, by the transmitter reactance step size AX,, and loop 501a reverts back to step 506.

[0143] Referring to the power loop, loop 503a, at step 512 transmitter controller 125 measures the input power P,
and compares the measured input power Py, to a target power level Py, qe1. If Pin equals Py g6 the process 500a reverts
to step 506. In addition, transmitter controller 125 can send data indicating the measured value of P;, to the receiver
104. If P, does not equal Py, ¢ Process 500a proceeds to step 522. At step 522, transmitter controller 125 compares
the input power to the target power level to determine whether the input power is greater than the target power level. If
Pin is not greater than Py, e, then, at step 534, transmitter controller 125 increments the inverter bus voltage Vs by
the bus voltage step size AV}, and loop 503a reverts back to step 506. If P;, is greater than Py, e, then, at step 524,
transmitter controller 125 checks the bus voltage. If the bus voltage Vy, ¢ is greater than a minimum bus voltage V¢ min,
then, at step 532, transmitter controller 125 decrements the inverter bus voltage V|, by the bus voltage step size AV,
and loop 503a reverts back to step 506.

[0144] If, at step 524, the bus voltage V¢ is at @ minimum bus voltage Vy, ¢ min, then the transmitter controller 125
reduces the transmitter power by adjusting either the variable transmitter reactance X, or the inverter frequency f;,,. At
step 526, transmitter controller 125 checks whether the variable transmitter reactance X, is already at a maximum value
Xix max- If the variable transmitter reactance X, is not at a maximum value X, 4y, then, at step 530, transmitter controller
125 increments the variable transmitter reactance X, by the transmitter reactance step size AX,,, and loop 501 reverts
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back to step 506. If the variable transmitter reactance X, is already at a maximum value X, max, then the transmitter
controller 125 checks whether the inverter frequency fi,, is less than a maximum inverter frequency fi,, 1« at step 527.
If the inverter frequency f;,, is already at a maximum value fi,, nax, thenloop 503a reverts to step 506 with no adjustments
to the bus voltage Vs, the variable transmitter reactance X, or the inverter frequency f;,,. If the inverter frequency f,,,
is not already at a maximum value f;,, 4. then, at step 528, transmitter controller 125 increments the inverter frequency
finv DY the frequency step size Af;,,, and loop 503a reverts back to step 506.

[0145] Referring to FIG. 5B, process 500b differs from process 500a by monitoring and controlling inverter phase shift
0,y instead of inverter frequency f;,,,. For example, in some implementations, inverter power can be controlled by adjusting
the internal phase shift 6;,, between bridge circuits in the inverter. In such implementations, a phase shift 8;,, of zero
degrees may produce a minimum (e.g., zero) inverter power, and a phase shift 6;,, of 180 degrees may produce a
maximum inverter power for a given bus voltage V.. More specifically, in process 500b steps 560, 562, 564, 566, and
568 replace steps 502, 506, 508, 527, and 528 of process 500a, respectively.

[0146] Process 500b includes portions that are be performed by a wireless power transmitter 102 (e.g., transmitter
controller 125) and portions that are performed by a wireless power receiver 104 (e.g., receiver controller 129). Process
500b includes three control loops 501b, 503b, and 505. Loops 501b and 503b are performed by a transmitter 102 to
tune a transmitter IMN 124 and to control the transmitter power. Loop 501b is a phase loop that tunes the transmitter
IMN 124 by adjusting reactance X3 to achieve a target inverter output phase Ptarget: Loop 501b also includes safety
checks to ensure that current, voltage, or other device limitations are not exceeded. Loop 503b is a power control loop
that controls and maintains the transmitter power magnitude P, at or near the target power Py, by adjusting the
inverter bus voltage Vy,,s. Loop 503b also incorporates adjustments to inverter phase shift 6;,, to control transmitter
power. In some implementations, loops 501b and 503b are local loops that do not require communication with other
devices (e.g., receiver 104) to be performed. In some implementations, loops 501b and 503b are executed by a transmitter
at between 1 - 10 kHz.

[0147] Loop 505 is performed by a receiver 104 to tune a receiver IMN 126 based on system efficiency. Loop 505 is
the same as loop 405 of process 400 the operation of which is described above.

[0148] Block 560 lists the inputs and initial conditions for process 500b which include a variable transmitter reactance
Xix (€.9., X3 of transmitter IMN 124), set to a maximum reactance value X, oy @ variable receiver reactance X, (e.g.,
X3 of receiver IMN 126), set to a minimum reactance value X, mi,; an inverter phase shift 9, set to a minimum phase
shift 0, min; @ system efficiency n, initially set to zero; a transmitter reactance step size AX,, set to an adjustment value
greater than zero; a receiver reactance step size AX,,, set to an adjustment value greater than zero; an inverter phase
shift step size A8;,, set to an adjustment value greater than zero; and a bus voltage step size AV, ¢ set to an adjustment
value greater than zero. In some implementations, the reactance step sizes AX;, and AX,,, bus voltage step size AV,
and inverter phase shift step size A8;,, are constant values. In some implementations, the reactance step sizes AX;,
and AX,,, bus voltage step size AV}, ¢, and inverter phase shift step size A®;,, can be variable. For example, controller
125 or controller 129 can increase or decrease the magnitude of the respective step sizes dynamically during process
500b.

[0149] Process 500b starts at step 504. At step 562, transmitter controller 125 performs several checks while tuning
the inverter phase shift in step 564. Transmitter controller 125 compares the measured input power P;, to a target power
level Piyget @and the inverter phase shift 0;,, to a phase shift limit 0j,;; (e.g., 180 degrees). When all of the comparisons
in step 564 are true, then transmitter controller 125 increments the inverter phase shift 6;,, by inverter phase shift step
size AB,, at step 564. If any of the comparisons are false, at step 582, transmitter controller 125 checks whether the

nv
inverter phase shift 6,,, is less than the phase shift limit 6;;,;;. If so, process 500b proceeds to step 566. If not, process

inv

500b proceeds to step 510 of loop 501b.

[0150] Referring to phase loop, loop 501b, if the inverter output phase is not equal to the target inverter output phase,
at step 510 transmitter controller 125 compares the inverter output phase to the target inverter output phase, at step
536, to determine whether the inverter output phase is greater than the target inverter output phase. If ¢;,, is greater
than @ e then, at step 538, transmitter controller 125 performs several additional checks. At step 538, transmitter
controller 125 checks whether the variable transmitter reactance X, is already at a minimum value X, mi,; whether Py,
is greater than Py, ¢, Or whether a safety check has failed. The safety check can be, for example, an over voltage or
over current check. If any of the checks are true, then loop 501b proceeds to an additional safety check at step 540.
The safety check at step 540 can be the same safety check as performed at step 538, for example, to determine whether
the safety check at step 538 was the check that caused the transmitter controller 125 to proceed to step 540. If so, then
transmitter controller 125 increments the variable transmitter reactance X, by the transmitter reactance step size AX,,
and loop 501b reverts back to step 562. If not, then loop 501b proceeds to step 512 of loop 503b to adjust the transmitter
power. If all of the checks at step 538 are false, then transmitter controller 125 decrements the variable transmitter
reactance X;, by the transmitter reactance step size AX,, and loop 501b reverts back to step 562.

[0151] Referring back to step 536, if ¢y, is not greater than ¢iyqet, then, at step 546, transmitter controller 125 checks
whether the variable transmitter reactance X, is already at a maximum value X, .- If the variable transmitter reactance

15



10

15

20

25

30

35

40

45

50

55

EP 3 203 604 B1

Xy« is already at a maximum value X, .. then loop 501b issue a fault condition 548. If the variable transmitter reactance
Xix is not at a maximum value X max then, at step 550, transmitter controller 125 increments the variable transmitter
reactance X;, by the transmitter reactance step size AX,, and loop 501b reverts back to step 562.

[0152] Referring to the power loop, loop 503b, at step 512 transmitter controller 125 measures the input power P,
and compares the measured input power P, to a target power level Py q. If Pj, equals Py, e the process 500b reverts
to step 562. In addition, transmitter controller 125 can send data indicating the measured value of P;, to the receiver
104. If Py, does not equal P61, process 500b proceeds to step 522. At step 522, transmitter controller 125 compares
the input power to the target power level to determine whether the input power is greater than the target power level. If
Pin is not greater than Py, e, then, at step 534, transmitter controller 125 increments the inverter bus voltage Vs by
the bus voltage step size AV}, and loop 503b reverts back to step 562. If Py, is greater than Py, e, then, at step 524,
transmitter controller 125 checks the bus voltage. If the bus voltage V,, ¢ is greater than a minimum bus voltage Vs min,
then, at step 532, transmitter controller 125 decrements the inverter bus voltage V,, s by the bus voltage step size V,
and loop 503b reverts back to step 562.

[0153] If, at step 524, the bus voltage Vy, ¢ is at a minimum bus voltage Vs min, then the transmitter controller 125
reduces the transmitter power by adjusting either the variable transmitter reactance Xy, or the inverter phase shift 6;,,,.
At step 526, transmitter controller 125 checks whether the variable transmitter reactance X,, is already at a maximum
value Xy, max- If the variable transmitter reactance Xy, is not at a maximum value X, .4 then, at step 530, transmitter
controller 125 increments the variable transmitter reactance X;, by the transmitter reactance step size AX,,, and loop
501b reverts back to step 562. If the variable transmitter reactance X is already at a maximum value X, na. then the
transmitter controller 125 checks whether the inverter phase shift 6;,, is greater than a minimum inverter phase shift
Oinv, min at step 566. If the inverter phase shift 6, is already at a minimum value 6;,, n, then loop 503b reverts to step
562 with no adjustments to the bus voltage V¢, the variable transmitter reactance X, or the inverter phase shift 6;,,,.
If the inverter phase shift 6, is not already at a minimum value 6 then, at step 568, transmitter controller 125

inv inv,min?
decrements the inverter phase shift 8,,, by the phase shift step size A6;,,, and loop 503b reverts back to step 562.
[0154] Referring to FIG. 5C, process 500c combines aspects of processes 500a and 500b. Process 500c includes
portions that are be performed by a wireless power transmitter 102 (e.g., transmitter controller 125) and portions that
are performed by a wireless power receiver 104 (e.g., receiver controller 129). Process 500c includes three control loops
501c, 503c, and 505. Loops 501c and 503c are performed by a transmitter 102 to tune a transmitter IMN 124 and to
control the transmitter power. Loop 501c is a phase loop that tunes the transmitter IMN 124 by adjusting reactance X3
to achieve a target inverter output phase ¢,qer- LOOp 501b also includes safety checks to ensure that current, voltage,
or other device limitations are not exceeded. Loop 503c is a power control loop that controls and maintains the transmitter
power magnitude P;, at or near the target power Py, by adjusting the inverter bus voltage Vy, 5. Loop 503c also
incorporates adjustments to both inverter frequency f;,,, and inverter phase shift 8;,,,, to control transmitter power. In some
implementations, loops 501c and 503c are local loops that do not require communication with other devices (e.g., receiver
104) to be performed. In some implementations, loops 501¢ and 503c are executed by a transmitter at between 1 - 10 kHz.
[0155] Loop 505 is performed by a receiver 104 to tune a receiver IMN 126 based on system efficiency. Loop 505 is
the same as loop 405 of process 400 the operation of which is described above.
[0156] Block 580 represents the inputs and initial conditions for process 500c which include a variable transmitter
reactance X, (€.g., X3 of transmitter IMN 124), set to a maximum reactance value X, nay; @ variable receiver reactance
Xix (€.9., X3 of receiver IMN 126), set to a minimum reactance value X, ,;n; an inverter frequency f;,, set to a maximum
frequency fi,, max: @n inverter phase shift 6,,,, set to a minimum phase shift 6;,, ,in; @ system efficiency n, initially set to
zero; a transmitter reactance step size AX,,, set to an adjustment value greater than zero; a receiver reactance step
size AX,,, set to an adjustment value greater than zero; an inverter frequency step size Af;,, set to an adjustment value
greater than zero; an inverter phase shift step size A6;,, set to an adjustment value greater than zero; and a bus voltage
step size AV, ¢ set to an adjustment value greater than zero. In some implementations, the reactance step sizes AXiy
and AX,,, bus voltage step size AV, inverter frequency step size Af;,,, and inverter phase shift step size A6;,, are
constant values. In some implementations, the reactance step sizes AX;, and AX,,, bus voltage step size AV, inverter
frequency step size Af,,, and inverter phase shift step size A8;,, can be variable. For example, controller 125 or controller
129 can increase or decrease the magnitude of the respective step sizes dynamically during process 500c.
[0157] Process 500c starts at step 504. At step 562, transmitter controller 125 performs several checks while tuning
the inverter phase shift in step 564. Transmitter controller 125 compares the measured input power P;, to a target power
level Piyqet @and the inverter phase shift 0;,, to a phase shift limit 0j,;; (e.g., 180 degrees). When all of the comparisons
in step 564 are true, then transmitter controller 125 increments the inverter phase shift 8,,, by inverter phase shift step
size AB,,, at step 564. If any of the comparisons are false, at step 582, transmitter controller 125 checks whether the
inverter phase shift 6;,, is less than the phase shift limit 6;,,;. If so, process 500¢ proceeds to step 566. If not, process
500c proceeds to step 506.
[0158] Atstep 506, transmitter controller 125 performs several checks while tuning the inverter frequency in step 508.
Transmitter controller 125 compares the measured input power P;, to a target power level Py, e, the measured inverter
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output phase ¢, to an inverter output phase limit ¢;,;: (€.9., 45 degrees), and the inverter frequency f;,, to the minimum
inverter frequency fi,, min- When all of the comparisons in step 506 are true, then transmitter controller 125 decrements
the inverter frequency f;,, by inverter frequency step size Af;,, at step 508. If any of the comparisons are false, the
process 500a proceeds to step 510 of loop 501c.

[0159] Referring to phase loop, loop 501c, if the inverter output phase is not equal to the target inverter output phase,
at step 510 transmitter controller 125 compares the inverter output phase to the target inverter output phase, at step
536, to determine whether the inverter output phase is greater than the target inverter output phase. If ¢;,, is greater
than ¢ get, then, at step 538, transmitter controller 125 performs several additional checks. At step 538, transmitter
controller 125 checks whether the variable transmitter reactance Xy, is already at a minimum value Xy yin; whether Py,
is greater than Py, ¢, Or whether a safety check has failed. The safety check can be, for example, an over voltage or
over current check. If any of the checks are true, then loop 501c proceeds to an additional safety check at step 540. The
safety check at step 540 can be the same safety check as performed at step 538, for example, to determine whether
the safety check at step 538 was the check that caused the transmitter controller 125 to proceed to step 540. If so, then
transmitter controller 125 increments the variable transmitter reactance X, by the transmitter reactance step size AXy,,
and loop 501c reverts back to step 562. If not, then loop 501c proceeds to step 512 of loop 503c to adjust the transmitter
power. If all of the checks at step 538 are false, then transmitter controller 125 decrements the variable transmitter
reactance X,, by the transmitter reactance step size AX;,, and loop 501c reverts back to step 562.

[0160] Referring back to step 536, if ¢, is not greater than @, e, then, at step 546, transmitter controller 125 checks
whether the variable transmitter reactance X, is already at a maximum value X, - If the variable transmitter reactance
Xix is already at a maximum value X, max, then loop 501cissue a fault condition 548. If the variable transmitter reactance
Xix is not at a maximum value X max then, at step 550, transmitter controller 125 increments the variable transmitter
reactance X, by the transmitter reactance step size AX,, and loop 501c reverts back to step 562.

[0161] Referring to the power loop, loop 503b, at step 512 transmitter controller 125 measures the input power P,
and compares the measured input power P, to a target power level Py, . If Pj, equals Py oq the process 500c reverts
to step 562. In addition, transmitter controller 125 can send data indicating the measured value of P;, to the receiver
104. If P;, does not equal Pyger process 500c proceeds to step 522. At step 522, transmitter controller 125 compares
the input power to the target power level to determine whether the input power is greater than the target power level. If
Pin is not greater than Py, e, then, at step 534, transmitter controller 125 increments the inverter bus voltage Vs by
the bus voltage step size AV, and loop 503c reverts back to step 562. If Py, is greater than Py, e, then, at step 524,
transmitter controller 125 checks the bus voltage. If the bus voltage V,,  is greater than a minimum bus voltage Vs min,
then, at step 532, transmitter controller 125 decrements the inverter bus voltage V|, by the bus voltage step size AV,
and loop 503c reverts back to step 562.

[0162] If, at step 524, the bus voltage Vy, s is at a minimum bus voltage Vs min, then the transmitter controller 125
reduces the transmitter power by adjusting either the variable transmitter reactance Xy, the inverter frequency f;,,, or
the inverter phase shift 6;,,. At step 526, transmitter controller 125 checks whether the variable transmitter reactance
Xix is already at a maximum value Xy max- If the variable transmitter reactance X,, is not at a maximum value Xy maxs
then, at step 530, transmitter controller 125 increments the variable transmitter reactance X,, by the transmitter reactance
step size AXy,, and loop 501c reverts back to step 562.

[0163] If the variable transmitter reactance X, is already at a maximum value Xy, may, then the transmitter controller
125 checks whether the inverter frequency f,, is less than a maximum inverter frequency fi,, 1« at step 527. If the
inverter frequency f; . is not already at a maximum value f; then, at step 528, transmitter controller 125 increments

nv Inv,max:?

the inverter frequency f;,, by the frequency step size Af,,, and loop 503c reverts back to step 562. If the inverter frequency
finy is already at a maximum value fi,, nax, then the transmitter controller 125 checks whether the inverter phase shift
Oiny is greater than a minimum inverter phase shift 8;,, i, at step 566. If the inverter phase shift 0;,, is already at a
minimum value 0, yin, then loop 503c reverts to step 562 with no adjustments to the bus voltage V,,, the variable
transmitter reactance X, or the inverter phase shift 0. If the inverter phase shift 8;,,, is not already at a minimum value
Oinv.min: then, at step 568, transmitter controller 125 decrements the inverter phase shift 0;,, by the phase shift step size
A8y, and loop 503c reverts back to step 562.

[0164] Insome implementations, the magnitude of the transmitter reactance step size AX;, can be varied. For example,
if the difference between ¢;,, and @iaqet is large, for example, greater than a coarse adjustment threshold value, then
the transmitter controller 125 can increase the transmitter reactance step size AX;,. Correspondingly, if the difference
between ¢j, and @iyrqe is small, for example, less than a fine adjustment threshold value, then the transmitter controller
125 can decrease the magnitude of the transmitter reactance step size AX,.

[0165] In some implementations, the magnitude of the bus voltage step size AV, ¢ can be varied. For example, if the
difference between Pj, and Py, e is large, for example, greater than a coarse adjustment threshold value, then the
transmitter controller 125 can increase the bus voltage step size AV}, .. Correspondingly, if the difference between Pin
and Ptarget is small, for example, less than a fine adjustment threshold value, then the transmitter controller 125 can

decrease the magnitude of the bus voltage step size AV .
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[0166] In some implementations, the magnitude of the inverter frequency step size Af,,, can be varied. For example,
if the difference between Pj, and Py, ¢y, in step 506, is large, for example, greater than a coarse adjustment threshold
value, then the transmitter controller 125 can increase the inverter frequency step size Af;,,. Correspondingly, if the
difference between P, and Py, 4e is small, for example, less than a fine adjustment threshold value, then the transmitter
controller 125 can decrease the magnitude of inverter frequency step size Af,,.
[0167] In some implementations, the magnitude of the inverter phase shift step size A8..,, can be varied. For example,

inv

if the difference between P;, and Py, in step 562, is large, for example, greater than a coarse adjustment threshold
value, then the transmitter controller 125 can increase the inverter phase shift step size A;,,. Correspondingly, if the
difference between P, and Py, 4e is smalll, for example, less than a fine adjustment threshold value, then the transmitter
controller 125 can decrease the magnitude of inverter phase shift step size A6;,,.

[0168] The following table (Table 1) shows experimental measurements of output voltage and efficiency (Eff.) for
variations between relative positions of a wireless power transmitter and receiver for charging an electric vehicle operating
according to processes described herein. Position X is the position of the receiver resonator coil relative to the transmitter
resonator coil along the X-axis, where the X-axis runs along a width of the vehicle (e.g., driver door to passenger door),
and where X = 0 is the center of transmitter resonator coil. Position Y is the position of the receiver resonator coil relative
to the transmitter resonator coil along the Y-axis, where the Y-axis runs along a length of the vehicle (e.g., front of the
vehicle to the rear of the vehicle), and where Y= 0 is the center of the transmitter resonator coil. Position Z is the separation
distance between the receiver resonator coil and the transmitter resonator coil along the vertical Z-axis.

Table 1

Z(mm) | X(mm) | Y(mm) | Vout (V) | Eff (%)
160 0 0 280 94.01
160 0 0 350 94.46
160 0 0 420 94 .42
160 100 75 280 94.03
160 100 75 350 94.32
160 100 75 420 93.84
160 150 75 280 93.74
160 150 75 350 94.08
160 150 75 420 93.56
190 0 0 280 94.14
190 0 0 350 94.50
190 0 0 420 94.19
190 100 75 280 93.81
190 100 75 350 93.75
190 100 75 420 93.11
190 150 75 280 93.10
190 150 75 350 93.10
190 150 75 420 91.86
220 0 0 280 93.97
220 0 0 350 94.03
220 0 0 420 93.27
220 100 75 280 92.82
220 100 75 350 92.52

[0169] FIG. 6A depicts a flowchart of an exemplary startup process 600 for a wireless power transmission control
system. In some examples, the process 600 can be provided as computer-executable instructions executed using one
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or more processing devices (e.g., processors or microcontrollers) or computing devices. In some examples, the process
600 may be executed by hardwired electrical circuitry, for example, as an ASIC or an FPGA controller. Some portions
of process 600 can be be performed by a wireless power transmitter 102 (e.g., transmitter controller 125) and some
portions of process 600 can be performed by a wireless power receiver 104 (e.g., receiver controller 129).

[0170] Block 602 lists the inputs and initial conditions for the system startup process 600 which include a power factor
correction (PFC) stage of a transmitter set to OFF; an inverter pulse width modulation (PWM) set to OFF; an inverter
frequency f,, set to a maximum frequency fi,, max; @ variable transmitter reactance Xy, (e.g., X3 of transmitter IMN 124)
set to a maximum reactance value X, may; and a variable receiver reactance Xrx (e.g., X3 of receiver IMN 126) set to
a maximum reactance value X, nax- The startup process 600 begins at step 604, the PFC is turned ON and bus voltage
Vs is brought to minimum bus voltage Vs min- At step 606, the inverter PWMs are turned ON. At step 608, variable
receiver reactance X, is adjusted to minimum receiver reactance X, - At step 610, inverter frequency f;,, is adjusted
to target inverter frequency fi,, 1aget- At step 612, the system begins steady state operations, e.g., according to one of
processes 300, 400, 500a, 500b, or 500c.

[0171] FIG. 6A depicts a flowchart of an exemplary shutdown process 601 for a wireless power transmission control
system m. In some examples, the process 601 can be provided as computer-executable instructions executed using
one or more processing devices (e.g., processors or microcontrollers) or computing devices. In some examples, the
process 601 may be executed by hardwired electrical circuitry, for example, as an ASIC or an FPGA controller. Some
portions of process 601 can be performed by a wireless power transmitter 102 (e.g., transmitter controller 125) and
some portions of process 601 can be performed by a wireless power receiver 104 (e.g., receiver controller 129).
[0172] Shutdown process 601 begins, at step 612, with the system in steady state operation, e.g., according to one
of processes 300, 400, 500a, 500b, or 500c. At step 614, variable receiver reactance X,, is brought to minimum receiver
reactance X, mi,- At step 616, variable transmitter reactance X, is brought to maximum transmitter reactance X maxs
and at step 618, bus voltage V¢ is brought to minimum bus voltage V¢ o IN some implementations, steps 616 and
618 can be performed directly by a transmitter. In some implementations, steps 616 and 618 can be performed indirectly.
For example, steps 616 and 618 will be performed automatically as part of the steady state operations of processes
500a, 500b, and 500c (steps 524, 532, 526, and 530) simply be adjusting the target power Ptarget to a shutdown value
Pshutdown at step 615. For example, Pgp, gown Can be zero or near zero. As Py, et is decreased, the variable transmitter
reactance X, is brought to maximum transmitter reactance X nax @nd bus voltage V¢ is brought to minimum bus
voltage Vi, min by the steady state transmitter operations process. At step 620, the PFC is turned OFF and V¢ is
brought to 0 V. At step 622, the inverter PWMs are turned off. In some implementations, the wireless communication
between the receiver and transmitter may be remain on or be turned off after power transmission is secured.

[0173] While the disclosed techniques have been described in connection with certain preferred embodiments, other
embodiments will be understood by one of ordinary skill in the art and are intended to fall within the scope of this
disclosure. For example, designs, methods, configurations of components, etc. related to transmitting wireless power
have been described above along with various specific applications and examples thereof. Those skilled in the art will
appreciate where the designs, components, configurations or components described herein can be used in combination,
or interchangeably, and that the above description does not limit such interchangeability or combination of components
to only that which is described herein.

[0174] For illustrative purposes, the foregoing description focuses on the use of devices, components, and methods
in high power wireless power transfer applications, e.g., power transfer for charging electric vehicles.

[0175] More generally, however, it should be understood that devices that can receive power using the devices,
components, and methods disclosed herein can include a wide range of electrical devices, and are not limited to those
devices described for illustrative purposes herein. In general, any portable electronic device, such as a cell phone,
keyboard, mouse, radio, camera, mobile handset, headset, watch, headphones, dongles, multifunction cards, food and
drink accessories, and the like, and any workspace electronic devices such as printers, clocks, lamps, headphones,
external drives, projectors, digital photo frames, additional displays, and the like, can receive power wirelessly using the
devices, components, and methods disclosed herein. Furthermore, any electrical device, such as electric or hybrid
vehicles, motorized wheel chairs, scooters, power tools, and the like, can receive power wirelessly using the devices,
components, and methods disclosed herein. In addition, the devices, components, and methods disclosed herein may
be used for applications outside of wireless power transfer.

[0176] In this disclosure, certain circuit or system components such as capacitors, inductors, resistors, are referred
to as circuit "components" or "elements." The disclosure also refers to series and parallel combinations of these com-
ponents or elements as elements, networks, topologies, circuits, and the like. More generally, however, where a single
componentor a specific network of components is described herein, it should be understood that alternative embodiments
may include networks for elements, alternative networks, and/or the like.

[0177] As used herein, the equalities and inequalities when referring to comparisons between transmitter or receiver
operating parameters is not intended to require exact equivalence of values, but instead refers to an equivalence of
values that are within a threshold or a tolerance of one another. For example, measured values such as powers, voltages,
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currents, and phases can be represented and stored as floating point numbers. As such, exact equivalence may be
unlikely deepening on the precision of the measurements. Therefore, equivalence between such numbers and target
values refers to equivalence within a threshold range, for example, equivalence within a tolerance of 1%, 2%, +5%,
or =10% of the target value. Similarly, inequalities may require a measured value to be greater or less than a target
value by an additional £1%, =2%, 5%, or £10% of the target value.

[0178] As used herein, the term "coupled" when referring to circuit or system components is used to describe an
appropriate, wired or wireless, direct or indirect, connection between one or more components through which information
or signals can be passed from one component to another.

[0179] As used herein, the term "direct connection" or "directly connected," refers to a direct connection between two
elements where the elements are connected with no intervening active elements between them. The term "electrically
connected" or "electrical connection," refers to an electrical connection between two elements where the elements are
connected such that the elements have a common potential. In addition, a connection between a first component and
a terminal of a second component means that there is a path between the first component and the terminal that does
not pass through the second component.

[0180] Implementations of the subject matter and the operations described in this specification can be realized in
digital electronic circuitry, or in computer software, firmware, or hardware, including the structures disclosed in this
specification and their structural equivalents, or in combinations of one or more of them. Implementations of the subject
matter described in this specification can be realized using one or more computer programs, i.e., one or more modules
of computer program instructions, encoded on computer storage medium for execution by, or to control the operation
of, data processing apparatus. Alternatively or in addition, the program instructions can be encoded on an artificially
generated propagated signal, e.g., a machine-generated electrical, optical, or electromagnetic signal that is generated
to encode information for transmission to suitable receiver apparatus for execution by a data processing apparatus. A
computer storage medium can be, or be included in, a computer-readable storage device, a computer-readable storage
substrate, a random or serial access memory array or device, or a combination of one or more of them. Moreover, while
a computer storage medium is not a propagated signal; a computer storage medium can be a source or destination of
computer program instructions encoded in an artificially generated propagated signal. The computer storage medium
can also be, or be included in, one or more separate physical components or media (e.g., multiple CDs, disks, or other
storage devices).

[0181] Theoperations describedin this specification can be implemented as operations performed by a data processing
apparatus on data stored on one or more computer-readable storage devices or received from other sources.

[0182] The term "data processing apparatus" encompasses all kinds of apparatus, devices, and machines for process-
ing data, including by way of example a programmable processor, a computer, a system on a chip, or multiple ones, or
combinations, of the foregoing. The apparatus can include special purpose logic circuitry, e.g., an FPGA (field program-
mable gate array) or an ASIC (application-specific integrated circuit). The apparatus can also include, in addition to
hardware, code that creates an execution environment for the computer program in question, e.g., code that constitutes
processor firmware, a protocol stack, a database management system, an operating system, a cross-platform runtime
environment, a virtual machine, or a combination of one or more of them. The apparatus and execution environment
can realize various different computing model infrastructures, such as web services, distributed computing and grid
computing infrastructures.

[0183] A computer program (also known as a program, software, software application, script, or code) can be written
in any form of programming language, including compiled or interpreted languages, declarative or procedural languages,
and it can be deployed in any form, including as a stand-alone program or as a module, component, subroutine, object,
or other unit suitable for use in a computing environment. A computer program may, but need not, correspond to a file
in afile system. A program can be stored in a portion of a file that holds other programs or data (e.g., one or more scripts
stored in a markup language document), in a single file dedicated to the program in question, or in multiple coordinated
files (e.g., files that store one or more modules, sub-programs, or portions of code). A computer program can be deployed
to be executed on one computer or on multiple computers that are located at one site or distributed across multiple sites
and interconnected by a communication network.

[0184] The processes and logic flows described in this specification can be performed by one or more programmable
processors executing one or more computer programs to perform actions by operating on input data and generating
output. The processes and logic flows can also be performed by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application-specific integrated circuit).
[0185] Processors suitable for the execution of a computer program include, by way of example, both general and
special purpose microprocessors, and any one or more processors of any kind of digital computer. Generally, a processor
will receive instructions and data from a read-only memory or a random access memory or both. Elements of a computer
can include a processor for performing actions in accordance with instructions and one or more memory devices for
storing instructions and data. Generally, a computer will also include, or be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices for storing data, e.g., magnetic, magneto-optical disks, or
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optical disks. However, a computer need not have such devices. Moreover, a computer can be embedded in another
device, e.g., a wireless power transmitter or receiver or a wirelessly charged or powered device such as a vehicle, a
mobile telephone, a personal digital assistant (PDA), a mobile audio or video player, a game console, or a Global
Positioning System (GPS) receiver, to name just a few. Devices suitable for storing computer program instructions and

Claims

1.

A wireless power transmission system without inverter bus voltage control to adjust transmitter power (P;,), the
system being configured to implement a control loop for tuning power transmission, wherein the control loop includes:

afirst sub-loop (303) to control output power (P;,,) of a transmitter of the wireless power transmission system; and
a second sub-loop (305) to tune a combined reactance of an inductor (L3d) and a capacitor (C3d) that couple
a tank circuit to a rectifier in a receiver of the wireless power transmission system, wherein the second sub-loop
(305) tunes the combined reactance by monitoring efficiency of the wireless power transmission and wherein
the second sub-loop (305) operates at a rate of communication between the transmitter and the receiver.

The wireless power transmission system of claim 1, wherein the second sub-loop (305) employs a perturb-and-
observe strategy to improve efficiency based on a previous point by tuning the combined reactance of an inductor
(L3d 150) and a capacitor (C3d 148) that couple a tank circuit to a rectifier in a receiver of the wireless power
transmission system, and optionally wherein the second sub-loop (305) is dependent on a power comparison (306)
where output power is compared to target power at a start of the control loop.

The wireless power transmission system of any one of claims 1 to 2, wherein the second sub-loop (305) operates
at 40 Hz.

The wireless power transmission system of any one of claims 1 to 3, wherein the control loop is characterized by:

ﬁvz
7.[2 bus

R2,, T X2, v

mnv mnv

Pipy =

where P;,, is power out of an inverter of the transmitter of the wireless power transmission system,

Vpus IS bus voltage,

R;.v is resistance seen by the inverter, and

Xiny is reactance seen by the inverter, wherein the tuning occurs at a value X;,, equal to the combined reactance
of the inductor (L3d 150) and the capacitor (C3d 148).

The wireless power transmission system of any one of claims 1 to 4, wherein the first sub-loop (303) is faster than
the second sub-loop (305), for example, wherein the first sub-loop (303) is on order of 1 to 10 kHz, and optionally
wherein the first sub-loop (303) is a local loop that does not communicate with another part of the wireless power

transmission system.

The wireless power transmission system of any one of claims 1 to 5, wherein the control loop includes preparing
inputs (302), including:

setting transmitter reactance to a maximum value;
setting receiver reactance to a minimum value;

wherein the efficiency of wireless power transmission at time zero equal to 0 and receiver reactance is to be changed
by a constant or variable value.

The wireless power transmission system of any one of claims 1 to 6, wherein the control loop starts by comparing
(306) output power to target power, and optionally one of a) and b):

a) wherein if the output power equals the target power within a tolerance, then:
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efficiency is measured (308) at a time n;

the efficiency at time n is compared (310) to efficiency at a previous time n-1;

if the efficiency at time n is greater than the efficiency at the previous time n-1, then a change in receiver
reactance is added (312) to the receiver reactance and the output power is compared to the target power;
if efficiency at time n is equal to or less than the efficiency at the previous time n-1, then a change in receiver
reactance is negated (314), the negated change is added (312) to the receiver reactance, and the output
power is compared (306) to the target power; and

b) wherein if the output power does not equal the target power within a tolerance, then:

it is determined (316) whether the output power is less than the target power;

if the output power is less than the target power, then a change in transmitter reactance is set (318) to -3,
the change in transmitter reactance is added (320) to the transmitter reactance, and the output power is
compared (306) to the target power;

if the output power is greater than the target power, then the change in transmitter reactance is set (322)
to 8, the change in transmitter reactance is added (320) to the transmitter reactance, and the output power
is compared (306) to the target power.

8. Awireless power transmission system with inverter bus voltage control to adjust transmitter power (P,,), the system

10.

1.

being configured to implement a control loop for tuning power transmission, wherein the control loop includes:

a first sub-loop (401) to control a phase difference ¢ between an AC voltage of an inverter (122) and an AC
current of the inverter of a transmitter of the wireless power transmission system as defined: p= arctan(X;,/R;,,),
wherein

Xinv is a reactance seen by the inverter and
R;,, is an equivalent resistance seen by the inverter;

a second sub-loop (403) to control output power (P;,) of the transmitter by adjusting the inverter bus voltage
(Vbus); and

a third sub-loop (405) to tune a combined reactance of an inductor (L3d 150) and a capacitor (C3d 148) that
couple a tank circuit to a rectifier in a receiver of the wireless power transmission system by monitoring efficiency
of the wireless power transmission.

The wireless power transmission system of claim 8, wherein the third sub-loop (405) employs a perturb-and-observe
strategy to improve efficiency based on a previous point by tuning the combined reactance of an inductor (L3d) and
a capacitor (C3d), and optionally wherein the third sub-loop (405) is dependent on a power comparison (408) and
thus on the second sub-loop (403).

The wireless power transmission system of any one of claims 8 to 9, wherein the third sub-loop (405) operates at
a rate of communication, for example, 40 Hz.

The wireless power transmission system of any one of claims 8 to 10, wherein the control loop (400) can be
characterized by:

8 12
p Fvbus R
inv — 532 2 inv
Rinv + Xinv
where

Piv is power output from the inverter of the transmitter of the wireless power transmission system,
Vpus IS bus voltage,
Ri.y is the resistance seen by the inverter, and
Xiny is the reactance seen by the inverter,

wherein tuning occurs at both V,, ,c and X3 = X;,,.
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The wireless power transmission system of any one of claims 8 to 11, wherein the first sub-loop (401) is adjusted
first, the second sub-loop (403) is then adjusted, and the third sub-loop (405) is then adjusted.

The wireless power transmission system of any one of claims 8 to 12, wherein the first sub-loop (401) runs on the
order of 1 to 10 kHz, and optionally wherein the first sub-loop (401) is a local loop and does not communicate with
another part of the wireless power transmission system.

The wireless power transmission system of any one of claims 8 to 13, wherein the second sub-loop (4B03) runs on
the order of 1 to 10 kHz, and optionally wherein the second sub-loop (403) is a local loop and does not communicate
with another part of the wireless power transmission system.

The wireless power transmission system of any one of claims 8 to 14, wherein the control loop includes preparing
inputs (402), including:

setting transmitter reactance to a maximum value;

setting receiver reactance to a minimum value;

wherein the efficiency of wireless power transmission at time zero is equal to 0, the receiver reactance is
to be increased, the transmitter reactance is to be increased, the bus voltage is to be increased, and phase
is to be increased.

16. The wireless power transmission system of any one of claims 8 to 15, wherein the control loop includes:

comparing a phase measured at the inverter to a target phase;
if the phase measured at the inverter equals the target phase, then output power is compared to target power.

17. The wireless power transmission system of any one of claims 8 to 16, wherein:

a) the third sub-loop (405) occurs if the output power equals the target power and includes: measuring (410)
efficiency at a time n, comparing (412) efficiency at the time n to efficiency at a previous time n-1, if the efficiency
at the time n is greater than the efficiency at the previous time n-1 then receiver reactance is incremented (414)
whereas if the efficiency at the time n is less than or equal to the efficiency at the previous time n-1, then change
in the receiver reactance is negated (416) and the negated value is added (414) to the receiver reactance;

b) the second sub-loop (403) occurs if the output power does not equal the target power and includes: if the
output power is less than the target power, increasing (420) the bus voltage, and if the output power is greater
than the target power, reducing (422) the bus voltage; and

c) wherein the first sub-loop (401) occurs if a phase measured at inverter is not equal to a target phase and
includes: if the phase measured at inverter is greater than a target phase, comparing (426) receiver reactance
to a minimum receiver reactance and if the receiver reactance equals the minimum receiver reactance, then
comparing (408) the output power to the target power whereas if the receiver reactance does not equal the
minimum receiver reactance, decreasing (438) the transmitter reactance; and if the phase measured at the
inverter is less than the target phase, then comparing (430) the receiver reactance to a maximum receiver
reactance and if the receiver reactance equals maximum receiver reactance then comparing (408) the output
power to the target power whereas if the receiver reactance does not equal the maximum receiver reactance
then increasing (432) the transmitter reactance.

Patentanspriiche

1.

Drahtloses Stromiibertragungssystem ohne Wechselrichterbusspannungssteuerung zum Einstellen der Sender-
leistung (P;,), wobei das System ausgelegt ist um einen Regelkreis zur Abstimmung der Stromubertragung zu
implementieren, wobei der Regelkreis beinhaltet:

einen ersten Teil-Regelkries (303) zum Steuern der Ausgangsleistung (P,,) eines Senders des drahtlosen
StromUbertragungssystems; und

einen zweiten Teil-Regelkreis (305) zum Abstimmen einer kombinierten Reaktanz eines Induktors (L3d) und
eines Kondensators (C3d), die einen Schwingkreis mit einem Gleichrichter in einem Empfénger des drahtlosen
Stromibertragungssystems koppeln, wobei der zweite Teil-Regelkreis (305) die kombinierte Reaktanz durch
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Uberwachen des Wirkungsgrads der drahtlosen Stromiibertragung abstimmt und wobei der zweite Teil-Regel-
kreis (305) mit einer Kommunikationsrate zwischen dem Sender und dem Empfanger arbeitet.

Drahtloses Stromubertragungssystem nach Anspruch 1, wobei der zweite Teil-Regelkreis (305) eine Stérungs- und
Beobachtungsstrategie anwendet, um den Wirkungsgrad basierend auf einem vorherigen Punkt zu verbessern,
indem er die kombinierte Reaktanz eines Induktors (L3d 150) und eines Kondensators (C3d 148) abstimmt, die
einen Schwingkreis mit einem Gleichrichter in einem Empfanger des drahtlosen Stromiibertragungssystems kop-
peln, und optional, wobei der zweite Teil-Regelkreis (305) von einem Leistungsvergleich (306) abhangig ist, bei
dem die Ausgangsleistung mit der Sollleistung zu Beginn des Regelkreises verglichen wird.

Drahtloses Stromibertragungssystem nach einem der Anspriiche 1 bis 2, wobei der zweite Teil-Regelkreis (305)
mit 40 Hz arbeitet.

Drahtloses Stromibertragungssystem nach einem der Anspriiche 1 bis 3, wobei der Regelkreis gekennzeichnet
ist durch:

8 172
7-[2 Vbus
P, =
inv

TR, AXE,

mv mnmv

wobei P;,, die Stromversorgung aus einem Wechselrichter des Senders des drahtlosen Stromiibertragungs-
systems ist, Vs ist die Busspannung,

R;,y ist der Widerstand, den der Wechselrichter sieht, und

Xiny ist die Reaktanz, die der Wechselrichter sieht,

wobei die Abstimmung bei einem Wert X, erfolgt, der gleich der kombinierten Reaktanz des Induktors (L3d
150) und des Kondensators (C3d 148) ist.

Drahtloses Stromubertragungssystem nach einem der Anspriiche 1 bis 4, wobei der erste Teil-Regelkreis (303)
beispielsweise schneller ist als der zweite Teil-Regelkreis (305), wobei der erste Teil-Regelkreis (303) in der Gro-
Renordnung von 1 bis 10 kHz liegt, und optional, wobei der erste Teil-Regelkreis (303) ein lokaler Regelkreis ist,
der nicht mit einem anderen Teil des drahtlosen Stromibertragungssystems kommunizier.

Drahtloses Stromiibertragungssystem nach einem der Anspriiche 1 bis 5, wobei der Regelkreis das Vorbereiten
von Eingangen (302) beinhaltet, einschliel3lich:

Einstellen der Senderreaktanz auf einen Maximalwert;

Einstellen der Empfangerreaktanz auf einen Minimalwert;

wobei der Wirkungsgrad der drahtlosen Stromiibertragung zum Zeitpunkt Null gleich 0 und die Empfangerre-
aktanz durch einen konstanten oder variablen Wert zu andern ist.

Drahtloses Stromiibertragungssystem nach einem der Anspriiche 1 bis 6, wobei der Regelkreis durch Vergleichen
(306) der Ausgangsleistung mit der Sollleistung beginnt, und optional entweder a) oder b):

a) wobei, wenn die Ausgangsleistung gleich der Sollleistung innerhalb einer Toleranz ist, dann:

wird der Wirkungsgrad zu einem Zeitpunkt n gemessen (308);

wird der Wirkungsgrad zum Zeitpunkt n mit dem Wirkungsgrad zum vorherigen Zeitpunkt n-1 verglichen
(310);

wenn der Wirkungsgrad zum Zeitpunkt n gréRer ist als der Wirkungsgrad zum vorhergehenden Zeitpunkt
n-1, dann wird eine Anderung der Empfangerreaktanz der Empfingerreaktanz hinzugefiigt (312) und die
Ausgangsleistung mit der Sollleistung verglichen;

wenn der Wirkungsgrad zum Zeitpunkt n gleich oder kleiner als der Wirkungsgrad zum vorhergehenden
Zeitpunkt n-1 ist, dann wird eine Anderung der Empfangerreaktanz negiert (314), die negierte Anderung
wird der Empfangerreaktanz hinzugefiigt (312) und die Ausgangsleistung wird mitder Sollleistung verglichen
(306); und

b) wobei, wenn die Ausgangsleistung nicht gleich der Sollleistung innerhalb einer Toleranz ist, dann:
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wird bestimmt (316), ob die Ausgangsleistung kleiner als die Sollleistung ist;

wenn die Ausgangsleistung kleiner als die Sollleistung ist, dann wird eine Anderung der Senderreaktanz
auf -3 eingestellt (318), die Anderung der Senderreaktanz wird der Senderreaktanz hinzugefiigt (320) und
die Ausgangsleistung wird mit der Sollleistung verglichen (306);

wenn die Ausgangsleistung gréRer als die Sollleistung ist, dann wird eine Anderung der Senderreaktanz
auf & eingestellt (322), die Anderung der Senderreaktanz wird der Senderreaktanz hinzugefiigt (320) und
die Ausgangsleistung wird mit der Sollleistung verglichen (306) .

Drahtloses Stromubertragungssystem mit Wechselrichterbusspannungssteuerung zum Einstellen der Senderleis-
tung (P,,), wobei das System ausgelegt ist, um einen Regelkreis zum Abstimmen der Stromubertragung zu imple-
mentieren, wobei der Regelkreis beinhaltet:

einen ersten Teilkreis (401) zum Steuern einer Phasendifferenz ¢ zwischen einer Wechselspannung eines
Wechselrichters (122) und einem Wechselstrom des Wechselrichters eines Senders des drahtlosen Stromu-
bertragungssystems, wie definiert: ¢= arctan (X;,/R;,,), wobei

X ist eine Reaktanz die der Wechselrichter sieht, und R, ist ein &quivalenter Widerstand, den der Wechsel-
richter sieht;

einen zweiten Teil-Regelkreis (403) zum Steuern der Ausgangsleistung (P;,) des Senders durch Einstellen der
Wechselrichterbusspannung (Vy,,s); und

einen dritten Teil-Regelkreis (405) zum Abstimmen einer kombinierten Reaktanz eines Induktors (L3d 150) und
eines Kondensators (C3d 148), die einen Schwingkreis mit einem Gleichrichter in einem Empfanger des draht-
losen Stromiibertragungssystems koppeln, durch Uberwachen des Wirkungsgrads der drahtlosen Stromiiber-
tragung.

Drahtloses Stromubertragungssystem nach Anspruch 8, wobei der dritte Teil-Regelkreis (405) eine Stor- und Be-
obachtungsstrategie anwendet, um den Wirkungsgrad basierend auf einem vorherigen Punkt durch Abstimmen der
kombinierten Reaktanz eines Induktors (L3d) und eines Kondensators (C3d) zu verbessern, und optional, wobei
der dritte Teil-Regelkreis (405) von einem Leistungsvergleich (408) und damit von dem zweiten Teil-Regelkreis
(403) abhangig ist.

Drahtloses StromUbertragungssystem nach einem der Anspriiche 8 bis 9, wobei der dritte Teil-Regelkreis (405) mit
einer Kommunikationsrate, beispielsweise 40 Hz, arbeitet.

Drahtloses Stromubertragungssystem nach einem der Anspriiche 8 bis 10, wobei der Regelkreis (400) gekenn-
zeichnet sein kann durch:

8 2
7-[2 Vbus
Piy =
inv

R2,, + X2,

2
Rinv inv
wobei

P, ist die Leistungsabgabe des Wechselrichters des Senders des drahtlosen Stromibertragungssystems,
Vs ist die Busspannung,

R;,y ist der Widerstand, den der Wechselrichter sieht, und

Xiny ist die Reaktanz, die der Wechselrichter sieht wobei die Abstimmung sowohl am V¢ als auch an X3 =
Xy erfolgt.

Drahtloses Stromiibertragungssystem nach einem der Anspriiche 8 bis 11, wobei zuerst der erste Teil-Regelkreis
(401) eingestellt wird, dann der zweite Teil-Regelkreis (403) eingestellt wird und dann der dritte Teil-Regelkreis
(405) eingestellt wird.

Drahtloses Stromibertragungssystem nach einem der Anspriiche 8 bis 12, wobei der erste Teil-Regelkreis (401)
bei 1 bis 10 kHz ablauft, und optional, wobei der erste Teil-Regelkreis (401) ein lokaler Regelkreis ist und nicht mit

einem anderen Teil des drahtlosen Stromiibertragungssystems kommuniziert.

Drahtloses Stromiibertragungssystem nach einem der Anspriiche 8 bis 13, wobei der zweite Teilkreis (4B03) bei 1

25



EP 3 203 604 B1

bis 10 kHz ablauft, und optional, wobei der zweite Teilkreis (403) ein lokaler Regelkreis ist und nicht mit einem
anderen Teil des drahtlosen Stromibertragungssystems kommuniziert.

15. Drahtloses Stromibertragungssystem nach einem der Anspriiche 8 bis 14, wobei der Regelkreis das Vorbereiten
von Eingangen (402) beinhaltet, einschliel3lich:

Einstellen der Senderreaktanz auf einen Maximalwert;

Einstellen der Empfangerreaktanz auf einen Minimalwert;

wobei der Wirkungsgrad der drahtlosen Stromubertragung zum Zeitpunkt Null gleich 0 ist, die Empféngerreak-
tanz zu erh6hen ist, die Senderreaktanz zu erhéhen ist, die Busspannung zu erhéhen ist und die Phase zu
erhoéhen ist.

16. Drahtloses Stromibertragungssystem nach einem der Anspriiche 8 bis 15, wobei der Regelkreis beinhaltet:

Vergleichen einer am Wechselrichter gemessenen Phase mit einer Sollphase;
wenn die am Wechselrichter gemessene Phase gleich der Sollphase ist, dann wird die Ausgangsleistung mit
der Sollleistung verglichen.

17. Drahtloses Stromibertragungssystem nach einem der Anspriiche 8 bis 16, wobei:

a) der dritte Teil-Regelkreis (405) auftritt, wenn die Ausgangsleistung gleich der Sollleistung ist und beinhaltet:
Messen (410) des Wirkungsgrades zu einem Zeitpunkt n, Vergleichen (412) des Wirkungsgrades zu einem
Zeitpunkt n mit dem Wirkungsgrad zu einem friiheren Zeitpunkt n-1, wenn der Wirkungsgrad zu dem Zeitpunkt
n groRer ist als der Wirkungsgrad zu dem friiheren Zeitpunkt n-1, dann wird die Empfangerreaktanz erhéht
(414), wahrend, wenn der Wirkungsgrad zu dem Zeitpunkt n kleiner oder gleich dem Wirkungsgrad zu dem
friiheren Zeitpunkt n-1 ist, dann wird die Anderung der Empfangerreaktanz negiert (416) und der negierte Wert
wird (414) zu der Empféangerreaktanz addiert;

b) der zweite Teil-Regelkreis (403) auftritt, wenn die Ausgangsleistung nicht gleich der Sollleistung ist, und
beinhaltet: wenn die Ausgangsleistung kleiner als die Sollleistung ist, Erhéhen (420) der Busspannung und
wenn die Ausgangsleistung gréRer als die Sollleistung ist, Reduzieren (422) der Busspannung; und

c) wobei der erste Teilkreis (401) auftritt, wenn eine am Wechselrichter gemessene Phase nicht gleich einer
Sollphase ist und beinhaltet: wenn die am Wechselrichter gemessene Phase gréRer als eine Sollphase ist,
Vergleichen (426) der Empfangerreaktanz mit einer minimalen Empféngerreaktanz und wenn die Empfénger-
reaktanz der minimalen Empfangerreaktanz entspricht, dann Vergleichen (408) der Ausgangsleistung mit der
Sollleistung, wahrend, wenn die Empféngerreaktanz nicht der minimalen Empfangerreaktanz entspricht, die
Senderreaktanz verringert (438) wird; und wenn die am Wechselrichter gemessene Phase kleiner als die Soll-
phase ist, dann Vergleichen (430) der Empfangerreaktanz mit einer maximalen Empféngerreaktanz und wenn
die Empfangerreaktanz der maximalen Empfangerreaktanz entspricht, dann Vergleichen (408) der Ausgangs-
leistung mit der Sollleistung, whrend, wenn die Empféngerreaktanz nicht der maximalen Empféngerreaktanz
entspricht, die Senderreaktanz erhéht (432) wird.

Revendications

1. Systémede transmission de puissance sans fil sans régulation de tension de bus d’'onduleur pour ajuster la puissance
d’émetteur (P;,), le systéme étant configuré pour mettre en oeuvre une boucle de commande pour régler la trans-
mission de puissance, dans lequel la boucle de commande comprend :

une premiére sous-boucle (303) pour commander la puissance de sortie (P;,) d’'un émetteur du systéme de
transmission de puissance sans fil ; et

une seconde sous-boucle (305) pour régler une réactance combinée d’'une bobine d’'induction (L3d) et d’'un
condensateur (C3d) qui couplent un circuit oscillant final a un redresseur dans un récepteur du systéme de
transmission de puissance sans fil, dans lequel la seconde sous-boucle (305) régle la réactance combinée en
surveillant I'efficacité de la transmission de puissance sans fil et dans lequel la seconde sous-boucle (305)
fonctionne a un certain débit de communication entre 'émetteur et le récepteur.

2. Systéme de transmission de puissance sans fil selon la revendication 1, dans lequel la seconde sous-boucle (305)
utilise une stratégie de perturbation et d’'observation pour améliorer I'efficacité en se basant sur un précédent point
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en réglant la réactance combinée d’une bobine d’induction (L3d 150) et d’'un condensateur (C3d 148) qui couplent
un circuit oscillant final a un redresseur dans un récepteur du systéme de transmission de puissance sans fil et,
facultativement, dans lequel la seconde sous-boucle (305) dépend d’'une comparaison de puissance (306) ou la
puissance de sortie est comparée a une puissance cible au début de la boucle de commande.

Systeéme de transmission de puissance sans fil selon I'une quelconque des revendications 1 et 2, dans lequel la
seconde sous-boucle (305) fonctionne a 40 Hz.

Systeéme de transmission de puissance sans fil selon I'une quelconque des revendications 1 a 3, dans lequel la
boucle de commande est caractérisée par

8 2
1%
2 bus

2 2
Rinv+ Xinv

Pipy =

inv

ou P, estla puissance émise par un onduleur de I'’émetteur du systéme de transmission de puissance sans fil,
Vpus est la tension de bus,

R, est la résistance vue par I'onduleur, et

Xinv €st la réactance vue par 'onduleur,

dans lequel le réglage se produit & une valeur X;,, égale a la réactance combinée de la bobine d’'induction (L3d
150) et du condensateur (C3d 148).

Systéme de transmission de puissance sans fil selon I'une quelconque des revendications 1 a 4, dans lequel la
premiere sous-boucle (303) est plus rapide que la seconde sous-boucle (305), par exemple, dans lequel la premiére
sous-boucle (303) est de I'ordre de 1 a 10 kHz et, facultativement, dans lequel la premiére sous-boucle (303) est
une boucle locale qui ne communique pas avec une autre partie du systéme de transmission de puissance sans fil.

Systéme de transmission de puissance sans fil selon I'une quelconque des revendications 1 a 5, dans lequel la
boucle de commande comprend des entrées de préparation (302) consistant :

a fixer une réactance d’émetteur a une valeur maximale ;
a fixer une réactance de récepteur a une valeur minimale ;

dans lequel I'efficacité d’une transmission de puissance sans fil au temps zéro est égale a 0 et la réactance du
récepteur doit étre changée par une valeur constante ou variable.

Systeéme de transmission de puissance sans fil selon I'une quelconque des revendications 1 a 6, dans lequel la
boucle de commande commence en comparant (306) une puissance de sortie a une puissance cible et, facultati-
vement, soit a), soit b)

a) dans lequel si la puissance de sortie est égale a la puissance cible dans une tolérance, alors :

I'efficacité est mesurée (308) a un moment n ;

I'efficacité au moment n est comparée (310) a I'efficacité a un précédent momentn - 1 ;

si I'efficacité au moment n est supérieure a l'efficacité au précédent moment n - 1, alors un changement
de la réactance du récepteur est ajouté (312) a la réactance du récepteur et la puissance de sortie est
comparée a la puissance cible ;

si I'efficacité au moment n est égale ou inférieure a I'efficacité au précédent moment n - 1, alors un chan-
gement de la réactance du récepteur est invalidé (314), le changement invalidé est ajouté (312) a la réac-
tance du récepteur et la puissance de sortie est comparée (306) a la puissance cible ;

et
b) dans lequel si la puissance de sortie n’est pas égale a la puissance cible dans une tolérance, alors :

il est déterminé (316) si la puissance de sortie est inférieure a la puissance cible ;

si la puissance de sortie est inférieure a la puissance cible, alors un changement de la réactance de
I'émetteur est fixé (318) a -3, le changement de la réactance de I'’émetteur est ajouté (320) a la réactance
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de I'émetteur et la puissance de sortie est comparée (306) a la puissance cible ;
si la puissance de sortie est supérieure a la puissance cible, alors le changement de la réactance de
I'émetteur est fixé (322) a 5, le changement de la réactance de I'’émetteur est ajouté (320) a la réactance
de I'émetteur et la puissance de sortie est comparée (306) a la puissance cible.

Systeéme de transmission de puissance sans fil avec une régulation de tension de bus d’onduleur pour ajuster la
puissance d’émetteur (P;,), le systeme étant configuré pour mettre en oeuvre une boucle de commande pour régler
la transmission de puissance, dans lequel la boucle de commande comprend :

une premiére sous-boucle (401) pour commander une différence de phase ¢ entre une tension alternative d’'un
onduleur (122) et une tension alternative de I'onduleur d’un émetteur du systéme de transmission de puissance
sans fil telle que définie : ¢ = arctan(X;,/R;,,), dans lequel

Xiny est une réactance vue par 'onduleur et
R;,, est une résistance équivalente vue par 'onduleur ;

une deuxiéme sous-boucle (403) pour réguler la puissance de sortie (P;,) de I'émetteur en ajustant la tension
de bus d’onduleur (V) ; et

une troisieme sous-boucle (405) pour régler une réactance combinée d’une bobine d’induction (L3d 150) et
d’'un condensateur (C3d 148) qui couplent un circuit oscillant final a un redresseur dans un récepteur du systéeme
de transmission de puissance sans fil en surveillant I'efficacité de la transmission de puissance sans fil.

Systeme de transmission de puissance sans fil selon la revendication 8, dans lequel la troisieme sous-boucle (405)
utilise une stratégie de perturbation et d’'observation pour améliorer I'efficacité en se basant sur un précédent point
en réglant la réactance combinée d’une bobine d’induction (L3d) et d’'un condensateur (C3d) et, facultativement,
dans lequel la troisieme sous-boucle (405) dépend d’'une comparaison de puissance (408) et, donc, de la deuxieme
sous-boucle (403).

Systeme de transmission de puissance sans fil selon I'une quelconque des revendications 8 et 9, dans lequel la
troisieme sous-boucle (405) fonctionne a un certain débit de communication, par exemple, 40 Hz.

Systeéme de transmission de puissance sans fil selon 'une quelconque des revendications 8 a 10, dans lequel la
boucle de commande (400) peut étre caractérisée par

8 2
T2 Vbus

2 2
Rinv+ Xinv

Pinv =

inv

ou

P, est la puissance émise en sortie par un onduleur de 'émetteur du systéme de transmission de puissance
sans fil,

Vs €St la tension de bus,

Ri, est la résistance vue par 'onduleur, et

Xiny est la réactance vue par I'onduleur,

dans lequel le réglage se produit a la fois a V5 et X3 = X,

Systeéme de transmission de puissance sans fil selon 'une quelconque des revendications 8 a 11, dans lequel la
premiéere sous-boucle (401) est d’abord ajustée, la deuxieme sous-boucle (403) est ensuite ajustée et la troisieme
sous-boucle (405) est ensuite ajustée.

Systeéme de transmission de puissance sans fil selon 'une quelconque des revendications 8 a 12, dans lequel la
premiere sous-boucle (401) va de l'ordre de 1 a 10 kHz et, facultativement, dans lequel la premiére sous-boucle
(401) est une boucle locale et ne communique pas avec une autre partie du systéme de transmission de puissance
sans fil.

14. Systéme de transmission de puissance sans fil selon I'une quelconque des revendications 8 a 13, dans lequel la
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deuxiéme sous-boucle (4B03) va de I'ordre de 1 a 10 kHz et, facultativement, dans lequel la deuxiéme sous-boucle
(403) est une boucle locale et ne communique pas avec une autre partie du systéme de transmission de puissance
sans fil.

15. Systéme de transmission de puissance sans fil selon I'une quelconque des revendications 8 a 14, dans lequel la
boucle de commande comprend des entrées de préparation (402) consistant :
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a fixer une réactance d’émetteur a une valeur maximale ;

a fixer une réactance de récepteur a une valeur minimale ;

dans lequel I'efficacité d’'une transmission de puissance sans fil au temps zéro est égale a 0, la réactance du
récepteur doit étre accrue et la réactance de I'émetteur doit étre accrue, la tension de bus doit étre accrue et
une phase doit étre accrue.

16. Systéme de transmission de puissance sans fil selon I'une quelconque des revendications 8 a 15, dans lequel la
boucle de commande consiste :

a comparer une phase mesurée au niveau de 'onduleur a une phase cible ;
si la phase mesurée au niveau de 'onduleur est égale a la phase cible, alors la puissance de sortie est comparée
a la puissance cible.

17. Systéme de transmission de puissance sans fil selon 'une quelconque des revendications 8 a 16, dans lequel :

a) la troisieme sous-boucle (405) se produit si la puissance de sortie est égale a la puissance cible et consiste :
amesurer (410) I'efficacité a un moment n, a comparer (412) I'efficacité au moment n a I'efficacité a un précédent
moment n - 1, si l'efficacité au moment n est supérieure a I'efficacité au précédent moment n - 1, alors la
réactance du récepteur est incrémentée (414) tandis que, si I'efficacité au moment n est inférieure ou égale a
I'efficacité au précédent moment n - 1, alors un changement de la réactance du récepteur est invalidé (416) et
la valeur invalidée est ajoutée (414) a la réactance du récepteur ;

b) la deuxiéme sous-boucle (403) se produit si la puissance de sortie n’est pas égale a la puissance cible et
consiste : si la puissance de sortie est inférieure a la puissance cible, a augmenter (420) la tension de bus et,
si la puissance de sortie est supérieure a la puissance cible, a réduire (422) la tension de sortie ; et

c) dans lequel la premiére sous-boucle (401) se produit si une phase mesurée au niveau de I'onduleur n’est
pas égale a une phase cible et consiste : si la phase mesurée au niveau de I'onduleur est supérieure a une
phase cible, a comparer (426) une réactance de récepteur a une réactance de récepteur minimale et, si la
réactance de récepteur est égale a la réactance de récepteur minimale, a comparer alors (408) la puissance
de sortie a la puissance cible tandis que, silaréactance de récepteur n’est pas égale a la réactance de récepteur
minimale, aréduire (438) laréactance de 'émetteur ; et sila phase mesurée au niveau de I'onduleur estinférieure
ala phase cible, a comparer alors (430) la réactance du récepteur a une réactance de récepteur maximale et,
silaréactance de récepteur est égale a laréactance de récepteur maximale, a comparer alors (408) la puissance
de sortie a la puissance cible tandis que, silaréactance de récepteur n’est pas égale a la réactance de récepteur
maximale, a augmenter alors (432) la réactance de I'émetteur.
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